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Thin-walled structures have been widely used in energy absorption and safety 
applications such as automotive vehicles and locomotives, due to their lightweight, 
progressive folding modes, and reduced manufacturing costs. This thesis studies the 
collapse behavior and energy absorption performance of corrugated tapered tubes (CTTs) 
as potential efficient thin-walled structures under axial and oblique loading conditions. The 
study was conducted using experimentally validated numerical finite element model. The 
proposed CTT design is impacted under seven different loading angles with a striker mass 
of 275 kg and 15 m/s velocity. The material assigned to the proposed design structure is 
AA6060 aluminum alloy. The effect of loading angles and geometric parameters on various 
performance indicators, such as the initial peak force (IPF), mean crushing force (MF), 
energy absorption (EA) and specific energy absorption (SEA) were studied. The results 
showed that the amplitude of corrugation is the most influential factor on the force-
displacement characteristics of CTTs. Also, IPF was found to be reduced when corrugation 
is adopted (a maximum reduction of 93.38%), especially for longer corrugation’s 
amplitudes and wavelengths, while EA and SEA were found to be reduced slightly. 
Furthermore, it was found that increasing the impact angles from 0° to 40° leads to a 
reduction of 54% in EA and SEA. In addition, global Euler buckling was found to develop 
at higher impact angles for CTTs of 80° tapered angles. Finally, it was found that CTTs of 
  




85° tapered angle and 1-mm thickness can achieve higher SEA relative to their tapered 
conventional counterparts under all loading conditions (40% and 9.5% increase under axial 
and 40° impacts, respectively).   
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CHAPTER 1: INTRODUCTION 
1.1 Introduction 
Safety is one of the most critical concerns to humans in the 21st century. With the 
vast advancements in science and technology, people started to take being protected and 
safe during their day-to-day activities for granted. Moreover, this by itself is a great motive 
to researchers and scientists to improve people’s lives by integrating science in applications 
where safety is of the highest significance to people. One of these most critical applications 
is the automotive safety.  
With the continuously increasing population in our modern world, the rate of demand 
for transportation rises proportionally. As a result, the number of vehicles, whether they 
are private automobiles or for public transports, increases. The number of automobile 
vehicles is expected to reach 1.7 billion by 2035 [1]. Therefore, logically, the probability 
of engaging in a traffic accident rises, and the number of traffic accidents grows as an 
inevitable consequence. According to the world health organization, automobile accidents 
are the main cause of death for people of the age group between 5-44 years old [2]. Traffic 
accidents result in an approximate of 1.25 million deaths annually while causing around 
20-50 million non-fatal injuries [3]. From this information, it is evident that motor vehicle 
accidents cause huge economic and societal losses globally. Therefore, extensive efforts 
have been placed to find a solution to this vital problem. As a solution, great focus has been 
placed on energy absorbing devices that absorb accidents' impact and crash energy. These 
devices are used as parts of the vehicle’s structure to reduce the crash severity and absorb 
the crash energy in a controllable manner. A device that helps reduce the potential risks of 
  




injury and death to vehicles’ occupants involved in an accident is described as a 
crashworthy device [4]. Hence, crashworthiness is perceived as the most important criteria 
for safety in automotive. The most common used crashworthy energy absorbing devices 
category is thin-walled structures (TWS). Thin-walled tubular structures are widely used 
in the engineering field, specifically, for impact energy absorption applications. The 
lightweight, low manufacturing cost, excellent energy absorption characteristics and easy 
installation qualify these structures to be used in applications where safety is vital. Thin-
walled structures are used in automotive applications such as passenger cars and trains [5], 






















1.2 Thin-walled Structures as Energy Absorbers 
The performance of thin-walled structures in energy absorption applications depend 
mainly on their material, geometry, and type of impact they experience. The most common 
materials used to manufacture thin-walled structures are ductile metals, such as aluminum 
and mild steel, as well as composites, specifically fiber-reinforced composite (FRC). There 
is a significant difference in the energy dissipating mechanisms of thin-walled structures 
of different materials. Thin-walled structures of ductile metallic materials dissipate the 
crash energy by undergoing progressive plastic deformation. On the other hand, 
composites’ thin-walled structures dissipate energy by brittle failure either by fiber 
breakage, matrix cracking, and delamination [7, 8].  
Because of their vital energy absorption role in safety applications, there has been 
a tremendous focus on enhancing the performance of thin-walled structures in occupants 
carrying vehicles. A lot of research work has studied the effect of different cross-sections 
on the energy absorption performance of thin-walled components. Structures of circular, 
  




rectangular, polygonal, hexagonal and star-shaped cross sections have been investigated 
[9-12]. Beside studying various cross-sections, researchers examined the effects of thin-
walled structures fillers, specifically metallic foams of non-uniform [13-15], and uniform 
[16-19] density distribution. Lately, thin-walled structures with various surface patterns 
have been the focus for many scientists, and have shown significant enhancement in energy 
absorption and lowering the initial crushing forces. For instance, thin-walled components 
with surface holes patterns [20, 21] have shown potential in reducing the initial crushing 
forces. In addition to windowed structures, researchers investigated the effect of surface 
corrugation on the performance of thin-walled structures. Structures with corrugated 
surface have shown excellent performance in terms of increasing the specific energy 
absorption and reducing the initial crushing forces under axial loading conditions [22-25]. 
However, thin-walled structures do not always experience pure axial impacts in all 
their applications. Rather, energy absorbers undergo a combination of axial and oblique 
loads. This is generally the case in vehicular crashes situations as off-set, or oblique 
impacts account for 48% of all of the frontal impacts category [26]. Oblique loads tend to 
lead to unstable crushing of the thin-walled tubular structure because they cause the 
structure to crush in a global Euler buckling mode, and hence reduce the overall energy 
absorption. Therefore, a lot of the research work has focused on enhancing the performance 
of these energy absorbers under oblique loading conditions. Structures of conical and 
tapered layouts were explicitly the focus of many researchers in this area. Researching 
these structures was because of their resilience under global Euler buckling that exists 
under oblique loading conditions. This was concluded by Nagel and Thambiratnam [27] 
  




who found that tapered tubular structures offer a steady reduction in crushing forces under 
oblique impacts and hence have better performance than conventional straight tubular 
structures. Researchers studied empty, and foam filled tapered structures [28], tapered 
structures with surface rectangular indentations and cutouts [29-31], tapered structures of 
functionally graded thickness [32], and tapered tubes of multicellular configurations [33]. 
The major outcomes of these studies were that tapered tubular structure has better 
performance under oblique impacts when compared to a conventional straight tube.  
The corrugated surface patterns and tapered layout studies provide the most 
essential characteristics of an ideal energy absorber: (1) lower crushing forces, and (2) 
resilience to oblique loading conditions. Hence, a tubular structure that combines a 
corrugated patterned surface and a tapered layout is worth investigating under different 
loading conditions. Therefore, studying the crushing response and performance of 
corrugated tapered tubes is vital, as such structures might have the potential to be ideal 
energy absorbers. In this thesis, the collapse behavior and energy absorption performance 
of corrugated tapered tubes (CTTs) under axial and oblique loading conditions are 
examined numerically. The explicit finite element code ABAQUS was used to model the 
impact and predict the collapse behavior and energy absorption characteristics of CTTs. 
The model is verified experimentally to assure the accuracy of the results. The effects of 
the impacting angles and geometrical parameters are investigated to understand the 








1.3 Objectives and Methodology 
1.3.1 Objectives 
The primary objective of this thesis is to study the performance of corrugated tapered 
tubes as efficient energy absorption devices under axial and oblique impact conditions for 
safety applications. This objective is achieved through the following: 
1- Developing an experimentally validated finite element model to simulate the 
crushing of corrugated tapered tubes of different geometrical parameters under axial 
and oblique loading conditions.  
2- Investigating the effect of corrugation parameters (Amplitude and Wavelength), and 
other geometrical parameters on the collapse and crushing modes of corrugated 
tapered tubes under axial and oblique impacts.    
3- Investigating the effect of geometrical parameters of corrugated tapered tubes and 
loading angles on the performance under axial oblique impacts. 
4- Comparing the energy absorption of conventional tapered tubes and corrugated 
tapered tubes, and identifying the most important corrugation combination and 
geometric parameters that lead to the optimum energy absorption performance under 
axial and oblique loading conditions. 
1.3.2 Methodology  
This thesis depends mainly on finite element modelling (FEM) to simulate the 
crushing of the proposed corrugated tapered tubes and obtain their responses numerically. 
Finite element methods have been used widely in various kinds of studies to reduce costs 
and time. Therefore, the use of finite element analysis can reduce the time required to run 
  




the crushing simulations. To assure the accuracy of the results obtained from the FE 
analysis, the FE model was validated against experimental tests. All the FE related work 
in this research framework, such as modelling, solving, and visualization of the results was 
done via ABAQUS software. The non-linear explicit code in ABAQUS was used to solve 
all the simulations presented in the thesis. The material used for all the simulations was 
aluminum alloy AA6060. The AA6060 alloy properties that were used as inputs to the FE 
model were obtained by conducting a standard tensile test. The material was also 
characterized using the built-in Johnson-Cook isotropic model to account for strain 
hardening.  
1.4 Contributions  
The research conducted on thin-walled structures have shown promising results in 
terms of crashworthiness performance. The studies conducted on tapered tubular structures 
focused on adding foam fillers, studying surface indentations and altering tapered angles. 
On the other hand, studies on straight tubes with corrugated surface have shown that these 
surfaces reduce the dynamic crushing forces and offer a smooth and more controllable 
energy absorption compared to conventional tubes. The ideal energy absorption device 
must have reduced crushing forces and smooth energy absorption under both axial and 
oblique loading situations. Therefore, this study proposes a new thin-walled design that has 
the tapered feature of thin-walled structures and a sinusoidal corrugated surface as a 
potential ideal energy absorption device. The study investigates the behavior of this 
design’s geometrical parameters under axial and oblique impacts to assess its performance 
for safety and crashworthiness applications. Moreover, the study identifies the best design 
  




parameter for the proposed structure under axial and oblique loadings.  
1.5 Thesis Layout  
This thesis is organized as follows:  
Chapter 1: Introduction 
This chapter introduces the research problem, the current solution to it, and the 
motive behind the thesis. This chapter also includes the research objectives, a brief 
methodology, the outline of the thesis, and its contributions.  
Chapter 2: Literature Review 
This chapter surveys the literature in terms of the work related to the research 
problem. The chapter is divided into logical categories that explain the flow of the research 
work done on enhancing thin-walled structures. This chapter finally outlines the reason 
behind studying the proposed corrugated tapered tubes.  
Chapter 3: Methodology 
The methodology chapter highlights the experiment design for both the axial and 
oblique crushing simulations. In addition, it presents the finite element model description 
and corrugated tapered tubes geometrical parameters. It finally explains the finite element 
model validation process.  
Chapter 4: Corrugated Tapered Tubes Under Axial Loading 
This chapter underlines the performance of corrugated tapered tubes under axial 
impact. The force-displacement characteristics for CTTs of different geometrical 
parameters are discussed. It also discusses the developed collapse modes experienced by 
CTTs under axial impacts. Finally, the chapter explains the effect of geometrical 
  




parameters on energy absorption, specific energy absorption, initial peak force and mean 
force.  
Chapter 5: Corrugated Tapered Tubes Under Oblique Loading 
This chapter discusses the performance of CTTs under oblique loading conditions. 
The chapter highlights the effect of loading angle and geometric properties on the force-
displacement characteristics. The chapter also discusses the crushing behavior of CTTs and 
their transition to global Euler buckling under high impact angles. Finally, the chapter 
discusses the performance patterns of CTTs of different geometrical properties under 
different loading angles.  
Chapter 6: Conclusions 
The main findings and conclusions drawn from the thesis research framework are 
listed in this chapter. 
 Chapter 7: Recommendations for Future Work 
This chapter highlights some suggestions and recommendations for future research 
for further understanding and enhancement to the proposed corrugated tapered tube design 













CHAPTER 2: LITERATURE REVIEW 
2.1 Introduction  
 This chapter reviews the areas of literature related to the thesis topic up to this date. 
The literature survey covers various areas that discuss all the theoretical aspects and studies 
conducted in a way that explains the motivation behind undertaking the research conducted 
in this thesis. These areas will be addressed as follows: 
(1) Structural Crashworthiness  
(2) Structural Impact 
(3) Energy Absorption by Structural Collapse  
(4) Thin-walled Structures  
(5) Finite Element Modeling of Thin-Walled Structures  
2.2 Structural Crashworthiness 
The “Crashworthiness” term was used in aviation initially to refer to the capability 
of the aircraft in providing safety to its occupants in potential survivable crash situations. 
Later, the automotive safety community adopted and embraced the term and designated 
it to describe the passengers' safety performance exhibited by different categories of 
automobiles and automotive vehicles under different crash conditions [34]. 
Crashworthiness denotes the ability of occupants-carrying vehicles to withstand and 
undergo the crash impact without penetrating the occupant's compartment so that they 
can survive the crash without injuries. Hence, the structural crashworthiness research 
field can be defined as the field that investigates the behavior and performance of 
structures under impact situations [35]. Certain characteristics define structural 
  




crashworthiness which should be taken into consideration in occupants-carrying vehicles' 
designs. The main crashworthiness characteristic is the energy absorption management 
[34]. Research has shown that the occupant's safety and survivability depend mainly on 
the vehicle management of the crash kinetic energy. The frontal structures of an 
automobile vehicle or the subfloor structures of an aircraft should absorb the impact 
energy while maintaining minimum to no deformation to the occupants’ compartment. If 
a structure achieves this characteristic, it could be used as an effective energy absorbing 
device in occupants’ carrying vehicles. Furthermore, the structure should keep the 
occupants’ compartment at the lowest deceleration level possible, to reduce the potential 
chances of injuries [36]. 
Crash-boxes have been extensively used in automotive safety applications to absorb 
the crash energy and protect the occupants. These structures are small shell tubes and are 
mainly used in automobile vehicles. In a vehicle, they are usually connected to the chassis 
frame as shown in Figure 2-1. In a crash situation, these structures deform to absorb the 
impact energy, and then they can be replaced after accidents. In general, a 
crashworthiness study focuses on different aspects mainly, the vehicle dynamics during 
and after the crash, the occupant's motion during the crash, and the collapse behavior of 
the crash-box structure [37]. However, this thesis focuses only on the structural collapse 
behavior aspect of crashworthiness studies. 
 
  










2.3 Structural Impact 
The deformation behavior and energy absorption of thin-walled energy absorbing 
devices depend on the nature of loading, strain rates, and inertia effect. Since this thesis 
focuses mainly on the collapse behavior of thin-walled corrugated tapered tubes under 
impact, the following areas of impact mechanics, effects of strain rates, and influence of 
inertia are addressed.  
2.3.1 Quasi-static and Dynamic Loading 
Under impacts, structures behave differently according to the nature of the impact. 
When the impact is static or quasi-static, the effect of strain and inertia on the structure 
under impact is insignificant or negligible. However, when the impact is of a dynamic 
nature, the inertia and strain will affect the behavior of the structure and its deformation 
shape. Under axial loading, the thin-walled tubular structure (shell-tube) deforms in a 
  




stable manner forming lobes (folds). The process of lobe formation under loading is known 
as progressive buckling or crushing. According to Karagiozova and Jones [38], progressive 
buckling consists of two categories: quasi-static and dynamic buckling. As evident by their 
names, the major difference between the two is the nature of loading they develop under: 
quasi-static buckling under low-velocity impacts, and dynamic buckling under high-
velocity impacts. Another significant difference between the two categories is that dynamic 
buckling utilizes the whole tubular structure under deformation, and is governed by the 
effect of stress wave propagation [4]. Figure 2-2 depicts the deformation shapes of a 






Figure 2-2: Progressive buckling of circular tubes under (a) dynamic loading; (b) quasi-





2.3.2 Strain Rate Sensitivity  
The mechanical properties of the absorbing structures’ materials have a vital 
influence on the structures’ response to impacts. The variation in properties such as yield 
strength and strain hardening leads to a significant difference in terms of crashworthiness 
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performance for different materials. Metallic materials, which are widely used as energy 
absorbers, have different properties under different loading/impact rates, and hence they 
are generally sensitive to strains. For example, mild steel, aluminum, and magnesium 
alloys are greatly sensitive to strain rate [39-41]. The effect of strain sensitivity is 
considered to be beneficial to thin-walled energy absorbers because when there is an 
increase in strain rate, the values of yield and ultimate strengths increase. It is worth 
mentioning that strain rate sensitivity is an exclusive material characteristic and is not 
related to the geometry or shape of the energy absorbing structure [4]. 
For engineering applications, the effect of strain rate sensitivity is considered by 
using dynamic flow stress rather than static stress. Researchers have developed explicit 
rate-dependent constitutive models that describe the dynamic flow stress and consider the 
influence of the strain-rate sensitivity. One of the most popular models that have been used 
for structural impact applications is the Cowper-Symonds model [42]. This empirical 
model has been experimentally validated and used to understand the strain effect on the 
crushing behavior of tubular structures [43].  The constitutive model can be described as 
follows: 






)  (2-1) 
where 𝜎𝑑 is the dynamic stress, 𝜎𝑠 is the static stress, 𝜖̇ is the strain rate, and D and q are 
material’s constants. Another constitutive model that describes the dynamic flow stress in 
terms of strain rate is the Johnson-Cook model. The Johnson-Cook model is used widely 
in applications where the strain rate has a huge range, and plastic deformation changes the 
temperature because of thermal softening [11]. The model characterizes the flow stress of 
  




material in terms of different functions: strain hardening, strain rate strengthening, and 
thermal softening, which can be combined in three terms respectively as in Eq. (2-2) [44]: 
𝜎 = [ 𝐴 + 𝐵 𝑛] [1 + 𝐶 𝑙𝑛 (
?̇?
 ?̇?0  





]        (2-2) 
Where 𝜎 is the material flow stress,  is the plastic strain, ̇ is the strain rate, and 0̇ is the 
reference strain rate. 𝑇 is the structure's surface temperature, 𝑇𝑚𝑒𝑙𝑡 is the material melting 
point, and 𝑇𝑟𝑜𝑜𝑚 is the room temperature. The parameters A, B, C, n and m are five 
empirical constants [45]. The significance of these models lies within the ability of 
incorporating them into material models for finite element analysis, which was the case 
with the Johnson-Cook model that was used in this thesis. There are other constitutive 
models that account for strain sensitivity. Developing these models requires an in-depth 
understanding of the behavior of the material under high strain rates and loading conditions 
to accurately describe its stress-strain relation. Other material models that account for 
strain-rate sensitivity for different metals are Khan–Huang model, Zerilli–Armstrong 
model, and Bodner–Partom model [46]. 
2.3.3 Effects of Inertia 
Under severe impact conditions, the effect of inertia plays a significant role in 
influencing the deformation shape and collapse behavior of thin-walled structures. When 
the impact is of high velocity, the effect of inertia changes the initial peak forces, force-
displacement characteristics, and deformation mode of the tubular structures under impact. 
Various research work has been conducted to understand the effect of impacts of high 
velocity and the influence of inertia on the collapse behavior of thin-walled tubular 
structures.  
  




The influence of inertia on structures depends mainly on the nature and geometry of 
the structure, in addition to the crash characteristics (velocity and mass). Calladine and 
English [47] have studied two common types of energy absorbers as shown in Figure 2-3: 
Type I: characterized by an initially increasing force curve that flattens after reaching a 
certain point, and Type II: characterized by an initial peak force that drops significantly 
afterward. Their research has shown that behavior of the Type I absorber is not influenced 
by the impact velocity. On the other hand, the collapse behavior of Type II absorber is 
significantly influenced by the impact velocity and hence influenced by inertia.   
Karagiozova et al. [48] have studied the effect of inertia on circular thin-walled 
tubular structures using structures of different geometrical characteristics and strikers of 
different masses and velocities. The results of the conducted research showed that the stress 
wave propagation effects govern the dynamic buckling process as mentioned in section 
2.3.1. In addition, the findings showed that the collapse behavior of the studied structures 
is influenced significantly by the impact velocity and the impactor mass. For instance, 
when the impact mass is small, and the impact velocity is high, a larger amount of energy 
is absorbed by the impacted structure. This was explained by the accumulation of larger 
strains and stresses in the structure in the early phase of compression. Additionally, a low-
velocity impact would cause an irregular compression which shortens the structure length 
significantly. The same shortening phenomenon occurs to structures under high-velocity 
impacts, however, in the early phase of deformation, before buckling takes place.   
  Wang and Lu [49] have also studied the effect of high impact velocity on the 
deformation modes of circular tubular structures. The structures were subjected to axial 
  




loads of up to 300 m/s velocity. The results have shown that impacts of high velocities lead 
to a specific type of plastic deformation known as “Mushrooming”. Three deformation 
modes were observed for the tested circular structures as shown in Figure 2-4. The first 
one is a regular progressive crushing mode which was observed for tubular structures of 
small shell thickness under low-velocity impacts. The second mode was the mushrooming 
mode accompanied by some folds for structures under impacts of medium velocity. The 
final mode was mushrooming with wrinkles for structures of large wall thickness under 






Figure 2-3: Two common types of thin-walled energy absorbers [48] 
 
  





Figure 2-4: Steel circular tubes under the following velocity from right to left: 385 m/s, 





2.4 Energy Absorption by Structural Collapse  
The performance of thin-walled energy absorbers can be evaluated qualitatively and 
quantitively using different methods and equations. Before the evaluation, however, certain 
general principles need to be followed in designing and using thin-walled energy absorbers. 
The following sections will explain these principles and the formulas that can be used to 
measure them to assess the performance of energy absorbers.  
2.4.1 Energy Absorber: General Principles 
According to Lu and Yu [50], there are general principles that scientists and vehicle 
manufacturers should consider before designing or testing new energy absorbers. Even 
though each design goal needs certain principals, and therefore principles may vary from 
certain application to another. However, these principles are fundamental to all energy 
absorption applications. The following sections summaries the key principles for designing 
energy absorbers.  
  




2.4.1.1 Irreversible Conversion of Energy  
The kinetic energy that results from the crash should be converted by the absorbing 
structure to an inelastic/plastic form of energy by either plastic deformation or any other 
process. If an absorbing structure fails to convert the crash energy, and rather stores it 
elastically, after a certain point where the structure reaches maximum elastic deformation, 
this energy will be released leading to potential injuries to the occupants of the vehicle. 
This idea can be clarified by an example of a vehicle impacting a large spring. Instantly, 
the spring will store the kinetic energy of the vehicle by compression. After the spring 
reaches its maximum elastic deformation, the spring will release its stored energy and the 
vehicle will bounce off it as shown in Figure 2-5. This means that the occupants will feel 
severe deceleration at the moment of impact and a severe acceleration afterward, which 
might lead to serious injuries to the occupants. The same idea applies to an energy absorber 















2.4.1.2 Constant Reaction Forces  
The crushing forces during the deformation process of an energy absorber should 
be kept to a minimum and below a specific threshold, especially the initial peak reaction 
force. Despite the fact that energy-absorbing structures should provide enough energy 
absorption, however, the crushing forces should not pass a specific value. This is because 
large crushing forces will lead to higher deceleration levels, leading to severe injuries to 
the occupants. Occupants riding a vehicle will have approximately the vehicle’s 
acceleration, and if the reaction forces during an impact are high or fluctuating, the 
occupants will be susceptible to severe injuries.  
2.4.1.3 Long Stroke  
Although the reaction forces should be minimized and kept constant throughout the 
crushing process (during a crash), the energy absorbed should be enough to mitigate the 
crash energy from reaching the occupants’ compartment. The energy absorbed represents 
the work done by the force on the structure, and this work equals the force times the 
displacement of the force line. This displacement represents the stroke of the structure, and 
hence it should be of sufficient length to absorb enough energy. Additionally, the longer 
the stroke, the longer the energy absorption process is. This is vital for energy absorption 
applications as more time means that the crushing forces are being maintained for a longer 
time, hence the structure will be able to arrest the crushing forces gently. This will lead to 
lower decelerations felt by occupants and hence reduce the severity of potential injuries. 
 
  




2.4.1.4 Stable and Repeatable Deformation Mode    
The structure should be able to deform stably in a predictable manner and 
repeatable deformation mechanism. This is essential to energy absorption and vehicle 
safety applications as it indicates that the structure is reliable under different crash 
situations. It was discussed previously that the types of impact's nature in terms of velocity 
and inertia play a vital role in influencing the deformation modes, force-displacement 
characteristics and structure’s collapse behavior in general (refer to section 2.3). Therefore, 
a structure that is being considered for energy absorption and safety applications should be 
able to deform in a stable and predictable manner under all possible crash situations. 
2.4.1.5 Light Weight  
Weigh is an important aspect to consider when designing a new energy absorber. 
This is precisely important for vehicle manufacturing companies where vehicle weight is 
essential. Structures of high weight increase the fuel consumption and hence has adverse 
effects on the environment. Therefore, designing a new energy absorbing structure should 
consider different kinds of materials and geometric modifications that lead to high energy 
absorption and low weight simultaneously.  
2.4.1.6 Low Cost  
Energy absorbing devices are essentially sacrificial devices, and their sole purpose 
is to deform to save the lives of the occupants. Therefore, it is reasonable that these 
structures should not be expensive. The cost of these structures is comprised of the material 
and the manufacturing cost. Hence, using materials that are recyclable is an important 
aspect of designing such structures. Also, manufacturing methods that are inexpensive 
  




should be used to produce these structures if their design makes it possible.  
2.4.2 Performance Indicators  
The performance of the tubular structure can be assessed qualitatively and 
quantitively. The qualitative assessment includes the overall collapse behavior of the 
structure, the force-displacement characteristics, and final deformation modes. The 
quantitative analyses, on the other hand, includes quantifying some of the principles 
mentioned in the previous section. The quantitative performance indicators are illustrated 
in the typical force-displacement diagram shown in Figure 2-6, which are explained in the 
following sections. These performance indicators were also used to assess the performance 






Figure 2-6: Typical force-displacement diagram 
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2.4.2.1 Initial Peak Force 
The initial peak force (IPF) is the largest force needed to start deforming and 
collapsing the tubular structure. A low IPF value is desirable as it reduces the reaction 
forces which prevent passenger’s injuries in safety applications such as automotive. 
2.4.2.2 Mean Crushing Force 










    (2-3) 
Where EA is the energy absorption, and Dmax is the displacement point up to the 
densification zone shown in Figure 2-6. 
2.4.2.3 Energy Absorption and Specific Energy Absorption 
The energy absorption is measured to evaluate the capability of the tubular structure 
to dissipate the impact energy by plastic deformation. The absorbed impact energy 
represents the area under the force-displacement curve depicted in Figure 2-6. The 
absorbed energy is calculated as follows:   




Where F is the crushing force, and Dmax is the longest length point where the tubular 
structure reaches the maximum amount of deformation. The specific energy absorption 











Where m is the crushed mass of the structure.  
2.5 Thin-Walled Structures as Energy Absorbers 
Thin-walled structures as energy absorbers are generally a part of an energy 
absorbing system. For instance, thin-walled energy absorbers represent the frontal section 
that is connected to the frontal longitudinal of the vehicle’s chassis or the small crash boxes 
that go in aircrafts subfloors as mentioned in Chapter 1. To thoroughly understand the 
behavior of thin-walled structures under crash situations, it is necessary to test and study 
the whole energy absorbing system containing these thin-walled structures. However, due 
to cost and time difficulties, a lot of the conducted research in the area tends to study thin-
walled energy absorbers individually. Although studying these structures individually does 
not accurately reflect the real-life crash situations because of the complicated boundary 
conditions that exist in a real crash [51], however, analyzing these structures individually 
gives an indication of their collapse behavior and energy absorption performance. This 
section comprehensively reviews the thin-walled energy absorbers that have been studied 
and analyzed for energy absorption applications in the open literature.  
2.5.1 Circular Tubes  
The focus on circular tubes was huge due to their energy absorption efficiency, and 
a lot of early research work studied their behavior under axial impact [43, 52, 53]. Gameiro 
et al. [54] stated that circular tubular structures were the most widespread of energy 
absorbers because they experience constant crushing load under impact. Under axial 
impact, circular tubular structures undergo progressive crushing or buckling behavior, with 
three main deformation modes: (a) axisymmetric mode, (b) diamond or non-axisymmetric 
  




mode, and (c) mixed mode that combines the first two as shown in Figure 2-7.  
The developed deformation modes in circular tubes depend mainly on the 
geometric properties of the structures, and mainly the diameter to thickness (D/t) and length 
to thickness (L/t) ratios [55]. Table 2-1 lists the D/t, and L/t ratios’ ranges and the 
corresponding developed deformation mode. A related point to consider is that the 






Figure 2-7: Circular tubes deformation modes: (a) axisymmetric mode; (b) non-





Table 2-1: Developed deformation modes in circular tubes according to their D/t and L/t 
ratios [55] 
Diameter to thickness ratio (D/t) & 
length to thickness ratio (L/t) 
Developed deformation mode 
D/t > 80 Diamond mode 
D/t < 50 and L/t < 2 Axisymmetric mode 










Beside experimental testing of circular tubular structures, a lot of research work has 
developed theoretical equations of the mean crushing force of circular tubes. These 
equations predict the average crushing force for different developed deformation modes 
such as asymmetric [56, 57] and axisymmetric [52] modes. Guillow et al. [58] developed 
an empirical equation that predicts the mean crushing force (MCF) for all types of circular 
tubular structures:  






                                                                                                  (2-6) 
where 𝜎° is the flow stress, D is the diameter, and t is the thickness.  
2.5.2 Square Tubes  
The focus of research has shifted to square tubes because of the practicality of 
square tubes in their attachments to other structural members such as automotive vehicles. 
The main issue with square tubular structures is that they are less efficient when compared 
to circular tubes. A square tube is approximately only as 70% efficient as its circular tube 
counterpart in terms of energy absorption performance [59]. This reported reduction in 
efficiency is related to the fact that the maximum amount of deformation occurs only on 
the square tube’s corners. The developed deformation modes in square tubes under axial 
impact can be divided into two categories: compact and non-compact modes as shown in 
Figure 2-8 [60]. The compact modes include: (a) extensional mode, (b) inextensional mode, 
and (c) asymmetric mixed-mode [4]. The deformation modes exhibited in square tubular 
structures, like the circular tubes, depends on the geometrical configurations of the tube, 
mainly the width (b) to thickness (t) ratio [60].  
Table 2-2 lists (b/t) ratio ranges and the corresponding developed deformation 
  




modes in square tubes. Similar to circular tubes, scientists and researchers developed many 
theoretical equations for the mean crushing force of square tubes under axial impacts. 
Wierzbicki and Abramowicz [61] developed one of the first theoretical equations for MCF 
for square tubes of different deformation modes:  




3                                                                                                       (2-7) 
This equation was updated later by Abramowics and Jones to include the effect of strain 
hardening [52]:  










Figure 2-8: Deformation modes in square tubes: (a) asymmetric mixed mode, (b) 














Table 2-2: Developed deformation modes in square tubes according to their b/t ratios [60] 
Width to thickness ratio (b/t)  Developed deformation mode 
b/t < 7.5 Extensional mode 
b/t > 40.8 Inextensional mode 
7.5 ≤ b/t ≤ 40.8 Asymmetric mixed mode 





2.5.3 Tubes of Different Cross-Sections 
Studying thin-wall structures of different geometrical modifications has received a 
massive focus by researchers to investigate the crashworthiness capability of novel thin-
walled tubular designs. One of these geometrical modifications was studying structures of 
different cross sections than the conventional circular and square ones. The thin-walled 
structures that have been studied in the literature are grouped into two categories: (1) 
outward (convex) multi-corner tubes, and (2) inward multi-corner tubes.   
Tubular structures of multi-corners were inspired by the observation that square 
tubes' maximum deformation occurred at the corners' zones as mentioned in section 2.5.2. 
Hence, a structure with a cross-section of multiple corners such as an octagonal or 
hexagonal will result in higher energy absorption. This was evident in the developed 
theoretical equation by Abramowicz and Wierzbicki [62] for the mean crushing force of 
hexagonal tubes:  
𝑀𝐶𝐹 = 20.23 𝜎° 𝑏
0.4 𝑡1.6                                                                                                     (2-9) 
Where b is the maximum width of the tube. Similar to square tubes, multi-corner tubular 
structures exhibit extensional, inextensional and mixed modes [63]. The developed mode 
depends on the angle between the side walls of the structure [64]. An inextensional mode 
  




will develop if the angle between the side walls is an acute angle, while a mixed mode will 
develop when the angle is between 90⁰ and 120⁰, and finally, an extensional mode will 
develop at an angle of 120⁰. It is worth mentioning that a mixed mode will result in the 
maximum energy absorption [65].  
It was found that no further enhancement of energy absorption is possible when the 
number of corners exceeds 11 corners [66]. This is due to the fact that after 11 corners the 
condition that satisfies the development of mixed mode deformation (maximum energy 
absorption) is no longer viable [65]. To overcome this issue scientists have studied 
structures with inward corners such as star [9] and criss-cross [67] sections structures as 
shown in Figure 2-9. The results have indicated that these the criss-cross structures have 
led to a higher crushing force efficiency and specific energy absorption when compared to 
other structures with convex cross-sections such as rectangular, square, hexagonal and 
octagonal. Similarly, it was found that a structure with a star-shaped cross-section has 
better specific energy absorption performance when compared to a structure of a hexagonal 






Figure 2-9: inward multi-corner tubes: (a) star-shaped cross-section tube [9]; (b) criss-
cross cross-section tube [67] 
2.5.4  Multicellular Tubes 
Multicellular tubes were explored as an alternative solution to the multi-corner 
tubes problems with energy absorption limitation after increasing the number of corners. 
The energy absorption of multicellular thin-walled structures depends mainly on the 
number of the cells. The mean crushing force experienced by a multi-cellular tubular 
structure under quasi-static load is given by [68]: 
𝑀𝐶𝐹 = 𝜎° 𝑡 √(𝑁𝑐 + 4𝑁° + 2𝑁𝑇) 𝑥 𝜋 𝑥 𝐿𝑐 𝑥 𝑡   (2-10) 
where 𝑁𝑐 is the number of corners, 𝑁° is the number of crisscrosses, 𝑁𝑇 is the number of 
T-shaped cross sections, and 𝐿𝑐 is the length of the cross-section walls as shown in Figure 
2-10. From the equation, it is evident that increasing the number of cells (more crisscrosses 
and t-shaped elements) would result in higher energy absorption, which means that a 
multicellular tube is superior to a simple one in terms of energy absorption. This was 
proved by Xiong and Hui [69], in which they reported that tubes of 4 and 5 cells (s4 and 
  




s5) shown in Figure 2-11, have higher energy absorption than tubes of single cells, with 
energy absorption increase of 120% and 220% for s4 and s5, respectively. It has also been 
proved that tubes of multicellular configurations result in 50-100% higher energy 
absorption compared to foam filled tubular structures [70]. The multicell configuration has 
also been studied on many structural layouts such as square [71], circular [72], octagonal 

















Figure 2-11: Multicellular configurations on thin-walled structures: (a) 4-cells: s4; (b) 5-





2.5.5 Tubes of Functionally Graded Thickness (FGT) 
Functionally graded thickness is a novel method introduced by researchers to 
enhance the energy absorption and crashworthiness characteristics of thin-walled 
structures. The idea of thickness grading is that the tube's wall will have non-uniform 
thickness across specific directions in a particular increasing or decreasing gradient. The 
gradient direction could be longitudinal, or transverse as shown in Figure 2-12. The 
advantages of grading the surface thickness are having better specific energy absorption, 
weight efficiency, and lower initial crushing forces [75]. Generally, lower thickness is 
assigned to the upper portion of the tubular structure to lower the initial crushing force, and 
larger thickness is assigned to the lower portion of the tube to allow for higher energy 
absorption [76].  
 
  





Figure 2-12: Thickness gradient direction in FGT tubes: (a) longitudinal in conical tubes 





FGT has been studied on different thin-walled structures of different cross-sections. 
Zhang et al. [77] studied functionally graded square tubes and found that FGT enhances 
the energy absorption and increases the mean crushing force to 30-35%. Also, Li et al. [78] 
studied circular tubes of functionally graded thickness. The results have shown that FGT 
of grading exponents above 0.1 achieves better energy absorption performance and have 
better resistance to global Euler buckling at high impact angles. Furthermore, conical tubes 
of functionally graded thickness have been studied [79]. The results have shown that tubes 
with proper grading thickness exponents reduce the initial peak force and provide 
resistance to global Euler buckling. 
 
  




2.5.6 Foam-Filled Tubes  
Foam-fillers and foam-filled tubular structures have been the focus of many 
researchers due to their lightweight and excellent energy absorbing capabilities. Many 
foam fillers have been studied, but the most commonly used ones are polymeric and 
metallic foams [75]. The mechanical behavior of metallic foam fillers relies on the cell 
microstructure, the material properties and the density of the foam filler [80]. The 
advantage of foam fillers is that they crush at nearly a constant force, making their use as 
fillers in thin-walled structures beneficial in terms of energy absorption and reduced 
crushing forces [75].  
Many studies in the literature have been conducted on foam-filled tubular structures 
of different cross-sections and under various types of loads. Various foam filled tubes of 
different cross-sections such as square [81], circular [82], and hexagonal [83] have been 
studied. The results of these studies have shown that foam fillers enhance the energy 
absorption and the weight efficiency of thin-walled tubular structures. Foam-filled tubes 
tend to deform compactly with a large number of folds compared to hollow tubes as shown 
in Figure 2-13 [56]. Also, the presence of a foam filler in a tubular structure changes the 
developed deformation mode from diamond mode to axisymmetric concertina mode [56], 
as shown in Figure 2-13. The reason behind these changes in the deformation modes 
(compared to hollow tubes) is the interaction effect between the filler material and the 
tubular structure's wall. The presence of the foam filler material in the hollow tube 
increases the resistance to fold formation, and therefore the fold length shortens and the 
number of folds increases [84].  
  











The density of the foam filler material is the most influential factor on the behavior 
of the foam filled tubular structure under crushing. The higher the foam filler density, the 
higher the energy absorption. However, it was found that when the foam density passes a 
certain value, adverse effects on the performance may occur such as lower specific energy 
absorption and global Euler buckling deformation mode [85]. For example, it was found 
that a using polyurethane foam of 320 kg/m3 density in square thin-walled structure may 
lead to the development of global Euler buckling [86]. This has led researchers to study 
different variations of foam densities including metallic foams of non-uniform density 
distribution [13-15]. The results of their work showed that metallic foam fillers of non-








2.5.7 Tapered & Conical Tubes  
One crucial aspect of energy absorption applications, which has received a 
considerable interest by researchers, is the capability of the structure to absorb energy 
under oblique loading impacts. An oblique impact occurs when a structure is impacted with 
an angle or off its central axis. Oblique impacts introduce what is known as global Euler 
buckling failure that inhibits the structure to utilize its full energy absorption capacity as 
shown in Figure 2-14. Global Euler buckling also occurs under axial loading conditions in 
both circular and square tubular structures. The development of global Euler buckling in 
structures depends mainly on the diameter to thickness (D/t) and length to diameter (L/D) 
ratios [58]. It was also found that there is a critical length in which if a structure exceeds it 
will undergo global Euler buckling under axial crushing [87]. It was also found that a 
square tube with a higher width to thickness (b/t) ratio, or a circular tube with a higher 
diameter to thickness (D/t) ratio have higher critical length and hence are more resilient to 
global Euler buckling [87].  
One of the solutions to this issue was studying the tapered or conical structural 
layout which was found to be resilient under global Euler buckling, and offer a steady 
reduction in crushing forces relative to conventional straight tubes [27]. The energy 
absorption and crashworthiness characteristics of tapered thin-walled structures are 
generally dependent on the geometry of the structure such as the inclination angle, length, 
cross-section and thickness [88]. Despite showing good performance under oblique loading 
condition, tapered tubes were reported to have lower specific energy absorption when 
compared to conventional square straight tubes under axial loading conditions [44].  
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Figure 2-14: Global Euler buckling in thin-walled structures: (a) Force-displacement 
profile for tubes undergoing global Euler buckling [89]; (b) Global Euler buckling in a 
circular tube [58] 
Tapered tubular structures have been studied extensively by researchers. Tapered 
tubular structures can have many cross-sections, but the most commonly used ones are the 
circular and square cross-sections. It was found that a tapered tube of a circular cross-
section (conical tube) has the most efficient energy absorption characteristics when 
compared to tapered tubes of other cross-sections such as square and hexagonal (Figure 2-
15) [88]. Researchers have also studied other geometrical modification of tapered
structures such as conical tubes with foam fillers, tapered tubes of surface patterns [29, 30], 
tapered tubes of multi-cellular configurations [33], and conical tubes of functionally graded 
thickness [32]. Similar to the conventional tubes, tapered tubes have three deformation 
  
















2.5.8 Tubes of Patterned Surfaces  
Tubes with patterned surfaces have been the focus of many researchers recently. 
This is due to the ability of patterned surfaces of lowering the crushing forces, and offering 
smooth and controllable energy absorption. The patterned surfaces studied in the literature 
can be divided into surface holes and cutouts, and corrugations and grooves. Introducing 
surface patterns to the thin-walled structures was because of their role as deformation 
triggers that allow smooth crushing of the structure, as they work as stress concentration 
points. The category of windowed tubes or tubular structures with cutouts was studied 
extensively in the literature. Tubular structures with holes surface patterns (Figure 2-16) 
work as deformation triggers that allows for smooth deformation and high specific energy 
  




absorption because of the material removal involved in cutting the surface of the structure. 
Song et al. [17] studied the effect of window-like wall holes’ surface patterns (Figure 2-
16a). It was found through experimental tests that the window-like holes reduce the initial 
peak crushing force and increase the energy absorption relative to a conventional tubular 
structure (with no patterns). Furthermore, Nikkhah et al. [18] studied the effect of various 
shapes of holes’ patterns on the energy absorption response of thin-walled structures under 
different impact angles. Their results have shown that surface holes reduce the initial 
crushing force, and that square and rectangular holes patterns result in better crushing 
performance compared to a conventional tube.  
Tubes of corrugated and grooved surfaces was another significant studied category 
of patterned tubular structures. Wu et al. [23] investigated the performance of straight tubes 
with sinusoidal corrugated patterns (Figure 2-16b) and found that corrugation increases the 
undulation load carrying (ULC) capacity and reduce the initial peak force significantly. 
Furthermore, it was found that corrugated tubes offer around 47-84% reduction in the 
initial peak force compared to a conventional straight tube. Additionally, Liu et al. [24] 
studied structures of similar corrugation patterns and found that such patterns enhance 
specific energy absorption and crushing force efficiency. High crushing force efficiency 
was also reported by Kılıçaslan [25] who tested circular tubular structures of similar 
sinusoidal patterns. Moreover, Eyvazian et al. [91] also conducted an experimental study 
on corrugated tubular structures and found that corrugation reduces the fluctuations in 
dynamic forces. Finally, external patterns of press-fitted rings on the structure surface 
which were studied by Isaac et al. [22] revealed that structures with these patterns have 
  




higher energy absorption than regular tubes. Other patterns studied by researchers included 
buckling triggers patterns [92] which were found to increase the crushing force efficiency. 
Moreover, structures with pre-folded origami patterns which were explored by Kai et al. 







Figure 2-16: Tubular structures of patterned surfaces: (a) windowed tube [17]; (b) 









2.6 Analysis of Thin-Walled Energy Absorbers   
Many methods have been used to analyze the behavior of thin-walled energy 
absorbers. Beside experimental analysis, a lot of analytical and numerical methods have 
been used to study the behavior of thin-walled energy absorbers under impact. The finite 
element analysis is one of the most used numerical methods in analyzing the crushing 
response of energy absorbers. The finite element methods have been adopted and used in 
this study, and therefore the finite element modelling and analysis will be discussed in turn 
in the following sections.  
2.6.1 Finite Element Modelling of Thin-Walled Structures 
The Finite Element Method (FEM) is a powerful computational mechanics method 
that can solve different structural analysis problems. The FE codes, specifically the 
nonlinear codes, can solve the most complex crash and plastic deformation problems and 
provide information on the deformation behavior that otherwise is not available using other 
methods. With the availability of supercomputers, FEM provides a design platform for 
manufacturers and scientists that allows for iterative designs and conducting parametric 
studies without wasting money or time. There are a lot of finite element software that can 
be used to analyze the behavior of thin-walled energy absorber under dynamic impacts 
such as LS-DYNA, PAM-CRASH, ANSYS, and ABAQUS. In this thesis, the non-linear 
FE code ABAQUS (version 6.14) has been used to conduct the dynamic simulations of the 








2.6.2 Use of FEM in the Literature  
FEM has been used extensively in the literature due to its ability of providing 
detailed insights on the crushing behavior of energy absorbers. Complex deformation 
modes and crushing behavior which cannot be analyzed using empirical and theoretical 
models can be easily predicted using FEM. If validated correctly, FE models provide a 
feasible analysis of energy absorbers under various impact loads that is accurate and very 
close to the actual physical behavior. The validation process generally requires 
experimental data or existing previous theoretical or numerical models that have been 
established in the literature.  
A lot of work on various types of energy absorbers used FE to model the absorbers 
and analyze their response numerically under different loading conditions. Figure 2-17 
shows the numerical models of different thin-walled structures under impact loads and their 
experimental equivalent [18, 71, 94, 95]. It is evident from the figure that the collapse 
modes predicted by the FE numerical model are accurate and close to the experimental 
results. Zhang et al. [96] conducted a study on square tubes of different thickness 
configurations where finite element method was incorporated to understand the crushing 
response of square tubes using LS-DYNA. A comparison between the numerical and 
experimental tests data was conducted, in which the initial peak force, energy absorption 
and force-displacement profile predicted by the FE model were accurate as shown in Figure 
2-18. Tapered tubes have been investigated using solely numerical modelling. Guler et al. 
[88] have used the explicit finite element code LS-DYNA to study the effect of different 
geometrical parameters on the behavior of tapered circular tubes under axial impact. 
  




Similarly, Acar et al. [30] have conducted multi-objective optimization study on circular 
tapered tubes with axisymmetric indentations using the finite element software ANAS. 
Tubular structures of corrugated surfaces have also been studied using finite element 
methods. Wu et al. [23] analyzed the crashworthiness behavior and conducted a multi-
objective optimization study on sinusoidal corrugated tubes. Furthermore, Kılıçaslan [25] 
have studied the crushing behavior of foam-filled corrugated tubes numerically using the 
FE software LS-DYNA.  
The studies above show that FE modelling can be used to predict the crushing 
response and collapse behavior of thin-walled energy absorbers accurately. Therefore, FE 
modelling is an excellent method to analyze and study the behavior of energy absorbing 
structures while avoiding the material cost and time involved in experimental testing. The 
nonlinear explicit FE code ABAQUS was heavily used in this study. The developed FE 
model used in the study was validated experimentally to assure the accuracy of the obtained 
results.   
  





Figure 2-17: FE models of different thin-walled energy absorbers: (a) square tube [94]; (b) 
multi-cell square tube [71]; (c) circular tube [18]; (d) tapered circular tube [95]: 



















2.7 Summary of Literature Review 
This chapter provided a comprehensive literature review on the most relevant topics 
to this thesis. The chapter specifically discussed the crashworthiness and impact of 
structures, energy absorption by structures, thin-walled energy absorbers, analysis of thin-
walled energy absorbers, and the use of finite element methods in modelling energy 
absorbers and solving energy absorption and crushing problems.  
2.7.1 Main Findings from the Surveyed Literature  
The literature has revealed that there is an abundance of research work done on the 
crushing response and energy absorption of thin-walled energy absorbers of different 
geometrical cross-sections and modifications. A lot of these studies involved investigating 
the behavior of these structures under different loading conditions, and many have 
incorporated the use of FEA in carrying out these studies. Numerous studies have mainly 
investigated the crushing response and energy absorption performance of straight 
corrugated tubes while limited work has been conducted on corrugated tapered tubes, 
despite their excellent performance under axial and oblique loading conditions as 
highlighted in this chapter. Prominently, tapered circular tubes have lower chances of 
developing global Euler buckling under both axial and oblique loading conditions, which 
is not the case for straight circular tubes. Henceforth, for energy absorption applications 
where an energy absorber is exposed to all kinds of loading conditions, a tapered circular 




2.7.2 Research Gaps and Thesis Aims 
To the extent of the author's knowledge, the research work conducted on corrugated 
tapered circular tubes is rather limited. No research work that studies the crushing response 
and energy absorption performance of corrugated tapered tubes under axial and oblique 
impacts has yet been published. This raises the question of what will the energy absorption 
performance, crushing response and collapse behavior of corrugated tapered tubes under 
axial and oblique impacts be? Moreover, how will the performance of corrugated tapered 
tubes as energy absorbers under axial and oblique impacts compare to the performance of 
conventional tapered and straight tubes? This thesis aims to answer these significant 
questions by studying the effect of geometrical factors and loading angles on the crushing 
response of corrugated tapered tubes under axial and oblique impacts. Since studying the 
effect of geometrical factors and loading angles requires a huge number of crushing 
experiments, it was beneficial to study the collapse, crushing and energy absorption 
behavior of corrugated tapered tubes using FEA, which is a useful numerical tool that has 
been used broadly in the literature. Few experiments tests were conducted for validation 
purposes. 
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CHAPTER 3: METHODOLOGY 
3.1 Introduction 
This chapter explains and describes the methods used to carry out this study. The 
crushing tests conducted in this thesis were implemented using finite element methods. 
First, an FE model was developed to simulate the crushing of corrugated tapered tubes. 
After the FE model was developed, two experimental crushing tests were conducted to 
validate the FE model against experimental data. The geometry of the proposed corrugated 
tapered tubular structures was varied, and a simple design of experiment method was 
followed to determine the number of crushing tests needed for axial and oblique impact 
testing. The following sections explain the FE modeling, the elements of the FE model, 
and the validation of the FE model. 
3.2 Development of The FE Model for Corrugated Tapered Tubes 
3.2.1 FEM tool 
The finite element method (FEM) is a numerical method that is used widely in 
engineering applications. The idea of finite element methods is dividing (discretizing) 
physical systems or problems into smaller parts/units called elements [97]. Instead of 
solving the complicated system, these finite elements are solved individually using simpler 
equations. The combined solution of these equations provides the solution for the overall 
system. To elaborate how FE solves a crushing problem, the time-dependent deformation 
of the continuum point can be obtained using the following Cauchy momentum equation: 
 𝜎𝑖𝑗 +  𝜌𝑓𝑖 =  𝜌𝑥𝑖 ̈ (3-1) 
where 𝜎𝑖𝑗 refers to the stress, 𝜌 refers to the density, 𝑓𝑖  refers to the body force, and 𝑥𝑖 ̈ refers 
  




to the body acceleration. The principle of virtual work can be found using the divergent 
theorem, and the previous equation can be written in the following form: 
∫ 𝜌𝑥𝑖𝛿𝑥𝑖𝑑𝑉̈𝑉 + ∫ 𝜎𝑖𝑗𝛿𝑥𝑖𝑗𝑑𝑉𝑉 − ∫ 𝜌𝑓𝑖𝛿𝑥𝑖𝑑𝑉𝑉 − ∫ 𝑡𝑖𝛿𝑥𝑖𝑑𝑆𝑆2 = 0 (3-2) 









+ ∫ 𝑁𝑡𝐹𝑐𝑑𝑠𝑠 }
𝑖
= 0𝑛𝑖=1  (3-3) 
Where n refers to the element number, 𝜎 refers to the stress vector, N refers to the 
interpolation matrix, 𝑎 refers to the nodal acceleration vector, b refers to the body vector, 




] +  [𝐶] [
𝑑𝑢
𝑑𝑡
] + [𝐾]{𝑈} = [𝐹(𝑡)] (3-4) 
Where M refers to the mass matrix, C refers to the damping matrix, and K refers to the 
stiffness matrix. The boundary and initial conditions are considered in the beginning, and 
then the displacement solution is obtained based on these conditions. Consequently, the 
strains, forces, and energies are computed. Typically, a finite element software is used to 
solve the aforementioned dynamic equation using implicit methods. Nevertheless, such 
methods are not suitable for nonlinear cases such as the dynamic crushing, and hence 
explicit methods are used. Explicit methods depend on dividing the total time into small 
time units knows as steps. The equations under consideration are solved, and the variables 
of interest are computed at time t+Δt given their values at t. In the explicit method of 
solving, the information of a time step can be computed given the information of the 
previous time step only. On the other hand, in the implicit method of solving, evaluating 
the information at a time step depends on the previous step and the current one, which 
complicates solving the dynamic equations.  
  




In this thesis, ABAQUS finite element solver with explicit time integration was 
used to develop and solve the FE model for the crushing of corrugated tapered tubes. FE 
models consist of the geometry of the system of the problem of concern, the mesh and 
element type of this geometry, the boundary conditions and contact algorithms related to 
the system, and the material model applied to the system. The accuracy of the solutions 
provided by FE models depends mainly on the previous aspects which are explained in 
detail in the following sections.  
3.2.2 Geometry & Design of Experiment  
The configurations that define the corrugated tapered tube (CTT) consist of two 
main features: tube wall corrugation and tube wall inclination (tapered tube) as shown in 
Figure 3-1. The corrugation of the tube is measured by two parameters: the corrugation 
amplitude (A) and wavelength (W). The inclination of the tube wall is measured by the 
tapered angle (Ѳ). Other geometric factors include the tube’s total length (L), wall thickness 
(t), and top diameter (D). The lower diameter of the tube changes according to the tapered 
angle and top diameter. For the axial impact testing, those above six geometric parameters 
are assigned with two values (levels) as shown in Table 3-1. The 1st and 2nd levels represent 
a random minimum and maximum values of each geometric factor, respectively. This was 
done to investigate the effect of the geometric factors on the performance of the proposed 
CTT. Using a simple factorial experiment design, we obtain a total of 64 CTT profiles for 
axial crushing simulations: 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑒𝑣𝑒𝑙𝑠𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑎𝑐𝑡𝑜𝑟𝑠       (3-5) 
 
  




For oblique impact loading conditions, the tube length (L) and top diameter (D) will 
have fixed values of 150 mm and 50 mm, respectively. The rest of the geometric parameters 
described in the previous section will have two assigned values as shown in Table 3-1. 
Using the simple factorial design of experiment method in Eq. (3-5), we obtain a total of 
16 corrugated tubular structure profiles. Each profile is tested under seven different impact 
angles: 0° (Axial impact), 10°, 15°, 20°, 25°, 30° and 40°, which leads to a total of 112 
impact experiments. The large number of impact experiments makes using finite element 






Figure 3-1: Corrugated tapered tube profile and parameters 
 
  




Table 3-1: Corrugated tapered tube geometric factors and values for axial and oblique 
impact conditions 
 Axial Impact Oblique Impact 
Geometric factor 1st level 2nd level 1st level 2nd level 
Amplitude (A) 1 mm 2 mm 1 mm 2 mm 
Wavelength (W) 10 mm 20 mm 10 mm 20 mm 
Tapered angle 80° 85° 80° 85° 
Thickness (t) 1 mm 2 mm 1 mm 2 mm 
Length (L) 150 mm 200 mm 150 mm 150 mm 





3.2.3 Element Type Selection   
The element type has a significant effect on the accuracy of the FE model. 
ABAQUS provides a vast library of elements for different geometries and different types 
of applications. The element type is usually defined by five different characteristics: 
family, number of nodes, degrees of freedom, formulation, and integration. Each element 
family is tied directly to the type of the structure of the problem under consideration (Figure 
3-2). For example, for a structural analysis problem of a solid part, the family of 
solid/continuum elements can be used. In this thesis, the collapse behavior and energy 
absorption of thin-walled corrugated tapered tubes under axial and oblique impact are 
investigated. Hence, the structure under investigation has low thickness value compared to 
the other global dimensions such as the length and the diameter. Therefore, the shell 
element family is used for this application. The shell element family in ABAQUS consists 
of 3 groups: thin-elements group, thick-elements group, and general-purpose elements 
group. Generally, general-purpose elements can be used for most types of problems, while 
thick-elements group can be used for complex contact problems. Hence, the general-
  















Each element has a different number of nodes that determines how the nodal 
degrees of freedom will be interpolated across the element's domain. In ABAQUS, the 
elements can have 1st and 2nd order interpolation, or in other words they can be linear or 
quadratic elements, respectively. Although higher interpolation order (quadratic elements) 
will provide a better picture of the behavior of the element in some applications, however, 
it will also increase the solving time and decrease the computation efficiency [98]. On the 
other hand, linear elements can be used for a wide range of applications and are very cost 
effective. As for the degrees of freedom, an element of six degrees of freedom would be 
sufficient for the impact problem in this thesis.  
  




Another characteristic that affects the computational efficiency is the number of 
integration points. The integration points are the sampling points where the element's 
stiffness and mass are calculated. In ABAQUS, elements can have both full and reduced 
integration. Table 3-2 shows linear and quadratic elements of full and reduced integration. 
The fully integrated elements are recommended for excellent solution accuracy; however, 
they increase the computation time [98]. In addition, linear fully integrated elements are 
prone to shear locking, which is a non-physical deformation mode that occurs under 
bending [99]. Shear locking happens because the stiffness of the element is overcalculated, 
which makes the element too stiff to bend. Under bending loads, the element should distort 
in a way similar to the one depicted in Figure 3-3. However, when fully integrated elements 
are used, the stiffness of the element is overpredicted, and the edges of the element become 
too stiff to curve. As a result, the distortion of the element will look like the one shown in 














Table 3-2: Linear and quadratic elements of full and reduced integration [98] 
 Full Integration Reduced Integration 
Linear Element (1st Order Interpolation) 
  


























To overcome the issue of shear locking, elements of reduced integration can be 
used. However, these elements are prone to another problem known as hour-glassing. 
Hour-glassing is another non-physical mode that occurs to linear elements of reduced 
integration under bending loads [99]. Because of the lower number of integration sampling 
points, the stiffness of the element is underpredicted, and therefore the element becomes 
very flexible. This leads the element to distort similar to the distortion depicted in Figure 
3-5, which makes the obtained results unusable. To overcome the problems of hour-
glassing, ABAQUS has different algorithms that control the hour-glassing and enhance the 
stiffness of the element. This makes the elements of reduced integration preferable since 
the hour-glassing problem can be avoided by the algorithms provided by the software, and 
because they are efficient in terms of computation cost.  
 
  











Based on the previous discussion, a linear shell element of six degrees of freedom 
and reduced integration can be used for the impact problem in this thesis. Therefore, the 
S4R 4-node quadrilateral shell element with 5 section points (Figure 3-6) was selected as 
the element to model the proposed corrugated tapered tube structure under investigation, 
due to its robustness, computation cost-effectiveness, and suitability for the thesis's impact 






Figure 3-6: S4R linear 4-node shell element with reduced integration [98] 
  




3.2.4 Mesh Size Optimization   
Similar to the element type, the mesh size also affects the accuracy of the FE model 
results. When the mesh size is fine (small), the discretization of the system is larger, and 
hence the FE model solution is more accurate as it represents the physical system 
accurately. However, this leads to an increase in the mesh density and consequently the 
computation time which defies the purpose of using finite elements in the first place. In 
general, mesh convergence studies are conducted to select mesh size that provides 
acceptable accuracy and efficient computation time. The idea of mesh convergence study 
is to solve the FE model using different mesh sizes and compare the results of concern 
between the selected sizes. When the error in the results' accuracy between two specific 
sizes start to reduce insignificantly, the next large mesh size is selected as it reduces 
computational time and assures accurate results.  
In this thesis, a mesh convergence study was performed to select the optimum mesh 
size for axial and oblique impact conditions. For the axial impact, a CTT tube of 10-mm 
wavelength and 2-mm amplitude was simulated using different mesh sizes. It was found 
that a mesh size of 5 mm does not have a significant variation in terms of peak force or 
energy absorption (Figure 3-7) when compared to a mesh size of 2-mm. Hence, a mesh 
size of 5-mm was selected for axial impact tests. For the oblique impact, the same CTT 
tube was used for the convergence analysis, however, under an impact angle of 40°. This 
was done because the oblique impact will cause extreme element deformation, and hence 
a smaller element size might be needed for testing corrugated tapered tubular structure 
under oblique impact. It was found from the analysis that an element size of 2-mm does 
  




not have a significant variation in terms of initial peak force or energy absorption (Figure 
3-8) when compared to a smaller mesh size of 0.5-mm, and therefore a mesh size of  2-mm 




















3.2.5 Boundary Conditions  
In the crash simulation setup, the CTT structure is placed on a fixed plate where it 
gets impacted by a top plate (striker) from the other free end. The fixed plate and the impact 
mass were modeled as rigid surfaces. The striker was assigned with a mass point of 275 
kg. The mass was selected based on the fact that an energy absorber is assumed to absorb 
about only 25% of the kinetic energy of an average sedan vehicle that weighs 1100 kg 
[100]. The striker's impact velocity was modeled as a predefined velocity field of 15 m/s 
as shown in Figure 3-9. The selected striker's speed represents the speed used by the 
National Highway Traffic Safety Administration (NHTSA) for crash tests on automobile 
vehicle [101]. The striker’s motion was limited to translational motion only with no 
rotation. The chosen contact algorithm was general of 0.2 friction coefficient to define the 
contact between the tube, the striker and the bottom fixed rigid plate. The general contact 














3.2.6 Material Properties 
The material used for the CTT structures proposed in this thesis is AA6060 
aluminum alloy. Aluminum was selected for the proposed structure due to its light weight 
compared to other metals such as steels, and low cost compared to composites. The 
material properties were obtained by performing a standard tensile test on three specimens 
which were cut with the dimensions per ASTM: E8/E8M-11 standard shown in Figure 3-
10. The tensile test experiments were conducted using the Instron Testing Machine of 250 
kN capacity which is fully computerized with data acquisition system. A summary of the 
material properties is listed in Table 3-3. The tensile testing machine, the specimen and a 
representative stress-strain curve are shown in Figure 3-11.  
  





Table 3-3: Material properties of the aluminum alloy AA6060  
Density Young’s modulus Poisson’s ratio Yield stress 






Figure 3-10: ASTM E8/8M-11 sheet-type static tensile test specimen's dimensions  
  





Figure 3-11: Axial tensile test set-up and specimen: (a) Instron Testing Machine of 250 





3.2.7 Material Model 
In the FE model, the structure material behavior was characterized by the Johnson-
Cook isotropic constitutive model, which is extensively used for applications where high 
strain rates exist. The Johnson-Cook model is given in Eq. (3-6) [44]: 
𝜎 = [ 𝐴 + 𝐵 𝑛] [1 + 𝐶𝑙𝑛 (
?̇?
 ?̇?0  





]        (3-6) 
where 𝜎 is the material stress,  is the plastic strain, ̇ is the strain rate, and 0̇ is the 
reference strain rate, 𝑇 is the structure's surface temperature, 𝑇𝑚𝑒𝑙𝑡 is the material melting 
point, and 𝑇𝑟𝑜𝑜𝑚 is the room temperature. The assumption followed in this study was that 
  




the tube temperature 𝑇 is equal to the room temperature 𝑇𝑟𝑜𝑜𝑚, which means that the third 
function of Eq. (3-6) will equal 1. Therefore, the temperature will not affect the results of 
the study. The parameters A, B, C, n, and m, are empirical constants [45], and their values 





Table 3-4: Johnson-Cook parameter for (AA6060) aluminum alloy 
Parameters Values 
A 70.28 MPa 
B 302.5 MPa 
Strain Power Coefficient, N 0.46 
C 0.0001 
Temperature Power Coefficient, M 0.7 





3.3 FE Model Validation Against Experimental Testing  
The most suitable way to validate the FE model is to conduct dynamic compression 
tests. However, this was not possible due to the capacity limitation of the dynamic 
compression machine. Nevertheless, since AA6060 alloy is only slightly sensitive to strain 
rate [43-45], quasi-static compression tests can be used to validate the FE model accurately. 
The FE model was validated using a circular straight aluminum tube and a straight 
corrugated tube under quasi-static axial compression with a constant velocity of 0.5 
mm/min. Both tubes had a diameter of 70 mm, length of 80 mm and thickness of 1.65 mm. 
The corrugation’s amplitude and wavelength of the corrugated tube were 3.5 mm and 18 
mm, respectively. The quasi-static compression test of the tubes was conducted using the 
  




Instron 8502 hydraulic (250 kN) testing machine.  
Quasi-static simulations are solved using ABAQUS implicit/standard code. 
Although ABAQUS implicit solver is for true static equilibrium problems, however, the 
implicit solver is not very effective when it comes to high nonlinear static problems such 
as static compression tests. On the other hand, ABAQUS explicit solver is more efficient 
for this type of problems in terms of computation cost. When using the explicit solver for 
quasi-static problems, it is impractical to use the real-time period of the quasi-static test. 
Instead, the speed of the test needs to be increased artificially. This can be done by a process 
known as mass scaling. The idea of mass scaling is to artificially increase the density of 
the material so that the time step increment increases. The explicit solver in ABAQUS 
solves problems as wave propagation problems. The stable time increment in an explicit 
solving procedure is the minimum time for a wave (i.e., stress wave) to move across an 




                                                              (3-7)  
Where Le is the element's length, and Cd is the wave speed. For a linear elastic material, the 




                                                              (3-8)  
Where E is Young's modulus, and 𝜌 is the material's density. From Eq. (3-7) and Eq. (3-
8), if the material's density is increased artificially by a factor of f 2, the speed of the wave 
will reduce by a factor of f, and the stable time increment increases by a factor of f. 
Therefore, mass scaling allows for analyzing the quasi-static problem in its natural time 
65 
period by reducing the computation time. Therefore, mass scaling was used in the FE 
model for validation purposes, and both the circular and the corrugated tubes were scaled 
by a factor of 108 to increase the computation efficiency.  
Figure 3-12 and Figure 3-13 show the deformation modes obtained from the 
experimental test and FE model for both the circular and corrugated tubes. From here, it is 
evident that the FE model was able to capture the collapse modes of the experimental tests. 
Furthermore, Figure 3-14 and Figure 3-15 depict the force-displacement profiles obtained 
from the experimental test and the FE model for both tubes. The initial peak force, mean 
force and energy absorption were calculated for both experimental tests and the FE model, 
and the error was insignificant as shown in Table 3-5. Therefore, the FE model has an 
acceptable accuracy and can be used to predict the crushing response of the proposed 
corrugated tapered tubes design to reduce cost, time and material wastage. 
Figure 3-12: Deformation modes of a circular aluminum tube (experimental and FE) 
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Figure 3-13: Deformation modes for the corrugated aluminum tube (experimental and 
FE) 
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Figure 3-15: Force-displacement profiles for a corrugated aluminum tube (experimental 





Table 3-5: Difference in IPF and EA between the original and present study models 






Circular Tube    
Experimental  38.40 20.80 1.04 
FE  37.06 22.13 0.91 
Deviation  -3.5% +6.4% -3% 
Corrugated Tube    
Experimental 13.61 12.20 0.61 
FE  13.34 12.44 0.58 
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The developed FE model has been validated using experimental tests on simple and 
corrugated tubes. The details of the FE model development and all of its aspects have been 
discussed in this chapter, as well as the model validation against experimental data. The 
FE model results displayed good agreement with the experimental tests. Therefore, the 
developed numerical FE model can be used to predict the collapse behavior and energy 
absorption performance of corrugated tapered tubes under axial and oblique impacts. The 
model can also be used to understand the effect of the geometric parameters and impact 



















CHAPTER 4: CORRUGATED TAPERED TUBES UNDER AXIAL 
LOADING 
4.1 Introduction   
This chapter discusses the performance of corrugated tapered tubes under axial 
loading conditions. First, the force-displacement characteristics of corrugated tapered tubes 
of different amplitudes and wavelengths, and different categories of diameters and lengths 
under axial impact are discussed. The development of deformation modes and the collapse 
behavior are then investigated for corrugated tapered tubes of different categories. Finally, 
the effect of geometrical parameters on the performance indicators is explained, and the 
most performance-influential geometrical parameters are identified.    
4.2 Force-Displacement Characteristics 
The performance indicators’ values of the tested CTT profiles are summarized and 
presented in Table 1 to Table 4 in the appendix, for convenience. A detailed explanation 
on the effect of the design’s factors on the performance indicators is presented in the 
following sections. Typical force-displacement diagrams for CTTs of different diameters 
and tapered angles combinations are shown in  Figure 4-1, while diagrams for CTTs of 
different lengths and thicknesses combinations are shown in Figure 4-2. The displacement 
refers to the striker’s displacement which is assumed to be in contact with the tube during 
the crushing process. The diagrams show the force responses for CTTs profiles under axial 
loading condition. It is evident from the figures that the force-displacement characteristics 
are rather similar for different combinations of tapered angles and diameters, and different 
combinations of thicknesses and lengths. Furthermore, it is evident from the figures that 
  




the force-displacement characteristics change mainly with the amplitude. This indicates 







Figure 4-1: Force-displacement diagram of CTTs of t = 2 mm & L = 150 mm (a) Tapered 
Angle = 80 ̊ & D = 40 mm; (b) Tapered Angle = 80 ̊ & D = 50 mm; (c) Tapered Angle = 










It is also clear from the diagrams that CTTs with an amplitude of 2 mm have smooth 
force-displacement curves and lower crushing forces regardless of the wavelength of the 
profile’s corrugation. On the other hand, fluctuations in the force-displacement curves and 
higher crushing forces are observed for CTTs with an amplitude of 1 mm (regardless of 
the wavelength). This is because the tubes’ corrugation works as collapse triggers that 
allow for easier fold formation of the tube and promote stable crushing, and a longer 













Figure 4-2: Force-displacement diagram of CTTs of Tapered Angle= 80 ̊ & D = 50 mm (a) 
t = 1 mm & L = 150 mm; (b) t = 1 mm & L = 200 mm; (c) t = 2 mm & L = 150 mm; (d) t= 





4.3 Deformation Modes Under Axial Impact 
 The tested CTTs profiles exhibited three different deformation modes under axial 
crushing (Figure 4-3). To clearly understand the deformation modes of the tested CTTs, 
Figure 4-4 to Figure 4-6 show the cross-section views of the crushing stages of CTTs 
profiles exhibiting the observed deformation modes. Figure 4-4 represents a clear example 
  




of a CTT (A=2 mm and W=10 mm) exhibiting mode 1. Under crushing, the corrugation 
gaps start to coalesce from the top (Figure 4-4a to Figure 4-4c) allowing the tube to crush 
in a stable, progressive manner similar to the concertina instrument. This stable crushing 
is due to the long corrugation amplitude (2 mm) which enhances the triggering effect of 
the tube’s corrugation allowing it to crush easily. The gaps then keep on coalescing until 
the tube is crushed completely (Figure 4-4d).  
Mode 2 can be seen in the crushing stages of the CTT (A=1 mm and W=20 mm) 
presented in Figure 4-5. When the tube starts to deform, an outward fold forms at the 
amplitude of the first proximal wave as shown in Figure 4-5a. As the crushing progresses, 
other folds begin to form at similar locations along the tube as shown 4-5b to 4-5c, until 
the tube is crushed completely (4-5d). 
Finally, the development of mode 3 is shown in the crushing stages of the CTT 
(A=1 mm and W=20 mm) shown in Figure 4-6. As depicted in the figure, outward folds 
start to form at the beginning of the crushing process (Figure 4-6a to Figure 4-6b). The 
folds are then proceeded by irregular ones as shown in Figure 4-6c resulting in an unstable 
crushing process until the tube is crushed completely (Figure 4-6d). This unstable crushing 
is due to the low corrugation’s amplitude and longer wavelength. As shown in Figure 4-
7a, for a fixed amplitude the CTT profile will tend to be less corrugated when the 
wavelength increases. Hence the triggering effect of the corrugation is lower, disallowing 
smooth and stable crushing. Similarly, the corrugation will be less evident when the 
amplitude decreases, which also reduces the triggering effect of corrugation (Figure 4-7b).  
 
74 
Figure 4-3: CTT exhibited deformation modes, a: mode 1 (Symmetric mode), b: mode 2 
(Symmetric mode), c: mode 3 (Non-symmetric mode) 
Figure 4-4: Cross-section view of the crushing stages of mode 1 of CTT of A = 2 mm and 
W = 10 mm (L = 200 mm, D = 50 mm, t = 2 mm and Tapered angle = 80 ̊) 
  





Figure 4-5: Cross-section view of the crushing stages of mode 2 of CTT of A = 1 mm and 






Figure 4-6: Cross-section view of the crushing stages of mode 3 of CTT of A = 1 mm and 
W = 20 mm (L = 200 mm, D = 50 mm, t = 2 mm and Tapered angle = 80 ̊) 
 
  





Figure 4-7: The profiles of CTTs for different wavelengths (W) or amplitudes (A) at W = 





Table 4-1 lists the distribution of the developed deformation modes in CTTs based 
on the corrugation’s amplitudes and wavelengths. It is clear from the figure that mode 1 
corresponds to a corrugation’s amplitude of 2 mm regardless of the wavelength. However, 
when the amplitude is 1 mm, mode 2 is exhibited when the wavelength is 10 mm, and mode 
3 is exhibited when the wavelength is 20 mm. In general, the deformation modes developed 
in circular aluminum tubes under axial crushing are influenced by the diameter to 
thickness, and diameter to length ratios [103]. This was not the case for the selected 
geometric CTT parameters (length, diameter, tapered angle and thickness), as the 
developed deformation modes in the tested profiles were mainly influenced by the 
corrugation’s amplitude and wavelength. This is evident from Figure 4-1 and Figure 4-2 
  




which show the force-displacement diagrams for CTTs of different combinations of 
tapered angles and top diameters (Figure 4-1), and different combinations of thicknesses 
and lengths (Figure 4-2). From here, the force-displacement characteristics are similar for 
different geometrical combinations. This is an indication that these geometrical factors do 
not play a major role in the deformation modes developed in CTTs. However, the force-
displacement characteristics are different for different amplitudes and wavelengths, which 





Table 4-1: Deformation modes distribution for the 64 runs based on the amplitude and the 
wavelength 
 
Deformation Mode Amplitude Wavelength 
Mode 1 2 mm 10 mm or 20 mm 
Mode 2 1 mm 10 mm 






4.4 Analysis of Performance Indicators under Axial Impact 
4.4.1 Influence on Initial Peak Force (IPF) 
• Influence of Amplitude and Wavelength 
Figure 4-8 shows the initial peak force values for CTTs of different amplitudes and 
wavelengths compared to a conventional circular tapered tube. To study the effect of 
amplitude and wavelength on IPF, all the tubes depicted in the figure are of the same 
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thickness, diameter, length, and tapered angle. It is evident from the figure that IPF reduces 
significantly by adopting the corrugation relative to a conventional tapered tube. For 
example, IPF of the regular tapered tube is 45 kN, whereas IPF of CTT (A=2 mm and W=20 
mm) reduces to 21 kN (53% reduction). Similar observations were reported for straight 
corrugated tubes [24, 25, 91] and tapered tubes with surface indentations [30]. This 
reduction is attributed to the triggering effect of corrugation that reduces the tube’s stiffness 
and promotes crushing. 
Figure 4-8: IPF values for CTT profiles relative to a conventional tapered tube (L = 200 
































Figure 4-9 depicts the average effect of CTT geometrical parameters (from all the 
64 simulations) on IPF. It is evident from the figure that the initial peak force in CTT can 
be considerably reduced by increasing the corrugation’s amplitude from 1 mm to 2 mm. 
Similarly, a minor reduction in IPF can also be obtained by increasing the wavelength to 
20 mm. It can be seen at this point that introducing corrugation reduces the initial peak 
force, specifically for longer amplitudes and longer wavelengths. The same reduction in 
IPF was also reported by Wu S. et al. [23] when longer corrugation’s amplitudes and 
wavelengths are adopted for straight tubes. This reduction is because of the enhanced 
corrugation triggering effect due to longer amplitudes and wavelengths which makes the 






Figure 4-9: Influence of design parameters on IPF 
• Effect of Thickness, Top Diameter, Length, and Tapered Angle
On the other hand, a significant increase in IPF is observed when the tube thickness 
changes from 1 mm to 2 mm. This is due to the stiffness increase that corresponds to the 
increased wall thickness, therefore increasing the initial load needed to start crushing, 
which is consistent with physical observations. Furthermore, a minor increase in IPF is 
observed when the tube’s top diameter increases from 40 mm to 50 mm. This is due to the 
moment of inertia increase that corresponds to increasing the top diameter, which increases 
the tube resistance to progressive crushing and hence increases the initial load. Finally, 
neither the tube’s length nor the tube’s tapered angle has a notable influence on IPF. 
  




• The Most Influential Geometric Factors on PF 
The surface plot in Figure 4-10 depicts the interaction effect of the geometrical 
parameters of highest influence on IPF. It is evident from the figure that a CTT profile with 
low thickness value and longer corrugation’s amplitude would have the lowest initial peak 





















4.4.2 Influence on Mean Force (MF) 
• Effect of Amplitude and Wavelength 
The mean force (MF) represents the average crushing force maintained by the tube 
during the crushing process. A higher value of MF indicates higher energy absorption as 
well as higher initial peak load. Figure 4-11 shows the MF values of CTTs of different 
amplitudes and wavelengths relative to a conventional tapered tube. From here, it is evident 
that the average force of a regular tapered tube is generally higher than the CTTs depicted 






Figure 4-11: MF values for CTT profiles relative to a conventional tapered tube (L = 200 




































Figure 4-12 shows the average effect of CTT’s geometrical parameters on MF. It 
is clear from the figure that increasing the amplitude and wavelength reduces MF, which 
is similar to their effect on IPF. This is logical, as adopting corrugation reduces the initial 
force needed to start deformation, and therefore the crushing forces along the tube’s length 
are reduced.  
• Effect of Thickness, Top Diameter, Length, and Tapered Angle 
In addition, MF has the similar tendency as IPF for the thickness and the top 
diameter, as increasing both results in an increase in MF (Refer to the previous section). 
Finally, increasing the tapered angle results in a minor decrease in MF, while the length 
has no significant effect on MF.  
• The Most Influential Geometric Factors on MF 
Figure 4-13 shows the interaction effect of the geometrical parameters of highest 
influence on MF. The interaction effect of amplitude and thickness on MF has the same 
tendency as in the case of IPF (Refer to Figure 4-9). An amplitude of 1 mm and a thickness 
value of 2 mm will result in the highest MF and IPF values.  
 
  











Figure 4-13: The effect of Amplitude-Thickness interaction on MF 
 
  




4.4.3 Influence on Energy Absorption (EA) 
• Effect of Amplitude and Wavelength 
Figure 4-14 shows the energy absorption (EA) values for CTTs of different 
amplitudes and wavelengths relative to a conventional tapered tube. It is evident from here 
that EA of the conventional tapered tube is slightly higher than the depicted CTTs, except 
for CTT of A=1 mm and W=10 mm. The lowest EA value for a CTT profile from the figure 
was 4.84 kJ (A=2 mm and W=20 mm) which represents a reduction of 24.5% relative to 
the regular tapered tube (6.81 kJ). Figure 4-15 shows the average effect of the selected 
CTT’s geometrical parameters on EA. It is evident from the figure that an increase in 
amplitude from 1 mm to 2 mm leads to a significant drop in energy absorption. Similarly, 
a decrease in EA is observed when the wavelength increases from 10 mm to 20 mm. This 
implies that although a reduction in IPF is achieved when corrugation is adopted, however, 
CTTs must sacrifice some energy absorption capacity for this reduction. This reduction has 
also been reported by [23-25, 91] for straight corrugated tubes.  
• Effect of Thickness, Top Diameter, Length, and Tapered Angle 
In addition, a reduction in EA is also observed when the tapered angle is increased 
from 80° to 85°. This is related to the bending moment decrease that corresponds to tapered 
angle increase (lower diameter reduces), resulting in less buckling which reduces the 
energy absorbed by the tube.  
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Figure 4-14: EA values for CTT profiles relative to a conventional tapered tube (L = 200 
mm, D = 50 mm, t = 2 mm and Tapered angle = 80 ̊) 
































On the other hand, a significant increase in EA is obtained when the thickness 
increases from 1 mm to 2mm. This is due to the tube’s mass increase resulting from 
increasing the wall thickness, which results in more tube’s material that can absorb more 
energy. Likewise, the increase in EA when the tube’s length increases from 150 mm to 200 
mm, and the top diameter from 40 mm to 50 mm is attributed to the same reason. 
• The Most Influential Geometric Factors on EA
Figure 4-16 shows the interaction effect of the geometrical parameters of highest 
influence on EA. It can be intuitively seen that a tube with an amplitude of 1 mm and a 
wall thickness of 2 mm will have the highest EA. However, this combination will lead to 
a higher IPF which is not a desirable performance indicator. Therefore, a tradeoff between 
IPF and EA needs to be done. 
Figure 4-16: The effect of Amplitude-Thickness interaction on EA 
  




4.4.4 Influence on Specific Energy Absorption (SEA) 
• Effect of Amplitude and Wavelength 
Figure 4-17 shows the specific energy absorption (SEA) values for CTTs relative 
to a conventional tapered tube. It is clear from the figure that SEA has the same tendency 
as EA, as all the CTT profiles exhibit lower SEA than the conventional tapered tube. As 
Figure 4-17 shows, the regular tapered tube has an SEA of 27.47 kJ/kg, while the highest 
SEA value for CTT depicted in the figure was 26.84 kJ/kg (A=1 mm and W=10 mm). The 
low performance of CTTs in terms of SEA can be explained by their low energy absorption 
capacity and high mass relative to conventional tapered tubes. Figure 4-18 shows the 
average effect of CTT geometrical parameters on SEA. From here it is clear that increasing 
the amplitude from 1 mm to 2 mm reduces SEA significantly. Moreover, increasing the 
corrugation’s wavelength from 10 mm to 20 mm introduces a minor reduction in SEA. 
This is due to the reduction in EA and the mass increase that corresponds to increasing the 
amplitude and wavelength of corrugation.  
• Effect of Thickness, Top Diameter, Length, and Tapered Angle 
Furthermore, a reduction in SEA is observed when the top diameter increases from 
40 mm to 50 mm, and when the tube’s length increases from 150 mm to 200 mm. This is 









Figure 4-17: SEA values for CTT profiles relative to a conventional tapered tube (L = 





On the other hand, a significant increase in SEA is noted with the increase in 
thickness from 1 mm to 2 mm. This is because of the energy absorption increase that 
corresponds to the thickness increase. Although a mass increase occurs when the thickness 
is increased, however, the energy absorption resulting from this increase is more dominant 
than the mass increase and thus increases SEA.  Similarly, increasing the tapered angle 
from 80° to 85° results in higher SEA. This is mainly due to the mass reduction that 
corresponds to the tapered angle increase.  
• The Most Influential Geometric Factors on SEA 
Figure 4-19 depicts the interaction effect of the geometrical parameters of highest 
influence on SEA. Similar to the effect on EA, lowering the amplitude to 1 mm and 











































Figure 4-18: Influence of design parameters on SEA 
  











The results presented in the previous sections showed that some of the geometrical 
parameters have a significant effect on the performance indicators of CTTs while others 
have a slight or no effect. The geometrical parameters with the most significant influence 
on the performance indicator were the tube’s amplitude of corrugation and the wall 
thickness. For the selected range of geometrical parameters values, it was found that longer 
amplitude (2 mm) will lead to lower initial peak force. However, the longer amplitude will 
result in a lower energy and specific energy absorption (EA & SEA) performance. On the 
other hand, increasing the wall thickness was found to enhance the energy and specific 
energy absorption. However, it will result in a higher initial peak force (IPF) which is not 
a desired performance indicator. The geometrical parameters’ influence shows that it is 
  




impossible to select an amplitude or thickness values that will simultaneously result in 
optimum performance. This is depicted by the amplitude-thickness performance influence 
paradox shown in Figure 4-20. The figure indicates that the effect of each parameter is 
opposite to the other. Hence, a tradeoff between the geometrical parameters’ values should 






Figure 4-20: Amplitude-thickness performance influence paradox under the tested 
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CHAPTER 5: CORRUGATED TAPERED TUBES UNDER OBLIQUE 
LOADING 
5.1 Introduction  
This chapter discusses the performance of corrugated tapered tubes under oblique 
loading conditions. First, the force-displacement behavior of corrugated tubes under 
different impact angles is discussed and compared to conventional tapered tubes. The 
deformation modes and collapse behavior are then explained for corrugated tapered tubes 
of different categories. Furthermore, the effect of loading angles and geometric parameters 
on the performance indicators is explained. Finally, a comparative analysis of the 
corrugated tapered tubes and conventional tapered tubes is presented in terms of specific 
energy absorption and mean crushing force.    
5.2 Force-Displacement Characteristics 
The results obtained from the crushing simulations of CTTs under different loading 
conditions are summarized in Table 5 to Table 8 in the appendix, for the reader’s 
convenience. The performance indicators’ values in these tables were calculated at a given 
displacement (=100 mm) to meaningfully and fairly facilitate the comparison of the 
performance of the tubes under different loading angles. This displacement point was 
selected as all the tubes have deformed sufficiently at it. Figure 5-1 and Figure 5-2 show 
the force-displacement characteristics of a representative CTT (A=1 mm, W=20 mm) and 
a conventional circular tapered tube under different loading angles, respectively. The first 
clear observation from the figures is that that the crushing forces of CTTs are lower than 
the forces of the regular tapered tube. This is due to the corrugated surface of CTT that 
  




works as deformation trigger that reduces the dynamic crushing forces. Furthermore, it is 
evident from the figures that both tubes experience the highest initial peak force under axial 
impact (loading angle = 0°). The axial crushing characteristics are also similar to both tubes 
as the crushing forces keep oscillating after the initial peak force, with less force fluctuation 
for CTT due to its corrugated surface as mentioned earlier. Furthermore, the initial peak 
force and magnitude of force oscillations tend to reduce as the impact angle increases to 
10° and continue to decrease as the loading angle increases up to 40° as observed in 
previous studies [11, 20]. This is because tubular structures under oblique loading 
conditions experience two categories of mechanical loadings, mainly bending (particularly 






Figure 5-1: Force-Displacement Diagram for CTT (A = 1 mm, W =20 mm, Tapered 
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Figure 5-2: Force-Displacement Diagram for a Regular Circular Tapered Tube (Tapered 





5.3 Deformation Modes 
It was found through the results of the entirety of the conducted simulations that all 
of the tested CTTs undergo progressive axial crushing under the impact angles of 0° and 
10°, despite the differences in geometric parameters. However, beyond the impact angle of 
10° (under higher impact angles), the axial crushing pattern tends to shift to the sides 
leading to global Euler buckling. Global Euler buckling tends to reduce the performance 
of the structure because it inhibits its capacity to absorb the maximum amount of the impact 
energy. This transition between progressive crushing and global Euler buckling is different 
for each structure and depends mainly on the geometric configuration of CTTs. To 
understand the effect of CTT’s geometric parameters on the transition to global Euler 
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tapered angles are shown in Figure 5-3 to Figure 5-6 for different loading angles. Each 
figure represents a group of CTTs of different corrugation’s amplitudes and wavelengths. 
Figure 5-3 shows the final deformation modes of CTTs of 1 mm amplitude and 10 
mm wavelength. From here, it can be seen that the transition to global Euler buckling 
happens at higher impact angles for structures of tapered angle of 80° compared to a tapered 
angle 85°. This is evident from Figure 5-3a and Figure 5-3b, where global Euler buckling 
occurs at 25° and 40° load angles, respectively. This can be attributed to the larger lower 
diameter that corresponds to a tapered angle of 80°, which enhances the stability of the 
structure under oblique loading conditions. On the other hand, global Euler buckling 
develops at an impact angle of 15° for CTTs of 85° tapered angles in this category, for both 




   
  










Figure 5-4 illustrates the deformation modes of CTTs category of 1 mm amplitude 
and 20 mm wavelength. Similar to the previous category, global Euler buckling exists at 
higher impact angles for structures of 80° tapered angles relative to their opposites of 85° 
tapered angles. This is evident from Figure 5-4a where global Euler buckling occurs at 40° 
load angle, and from Figure 5-4b where it occurs at 30° load angle. On the contrary, global 
Euler buckling exists at an impact angle of 20° for structures of 85° tapered angle in this 
category (Figure 5-4c - Figure 5-4d). 
   
  










Figure 5-5 shows the final deformation modes of CTTs of 2 mm amplitude and 10 
mm wavelength. Unlike the previous two categories (Figure 5-3 and Figure 5-4), in which 
the corrugation’s amplitude was 1 mm, the influence of the tapered angle on the transition 
to global Euler buckling is not significant. This can be observed from the figure, in which 
global Euler buckling develops at a lower impact angle of 15° for all the tested tubes in this 
category except the one depicted in Figure 5-5a, in which global Euler buckling occurs at 
an impact angle of 20°. This implies that a CTT of 2 mm amplitude and 10 mm wavelength 
is very unstable under oblique loading conditions.  
 
  










On the other hand, CTTs of 2 mm amplitude and 20 mm wavelength are influenced 
by the tapered angle, as global Euler buckling is observed at higher impact angles for 
structures of 80° tapered angle in this category. This is evident from Figure 5-6a and Figure 
5-6b in which global Euler buckling occurs at 30° and 25°, respectively. Conversely, for 
the structures depicted in Figure 5-6c and Figure 5-6d with a tapered angle of 85°, global 
Euler buckling develops at 20°. 
 
  










5.4 Performance Analysis 
5.4.1 Influence of Loading Angle  
As previously mentioned, oblique loading conditions inhibit the performance of the 
structure in terms of energy absorption. That is due to the two loading types the structure 
undergoes under oblique impacts: bending and axial crushing. To precisely understand the 
effect of impact angles on CTTs’ performance, the main effect plots shown in Figure 5-7 
to Figure 5-10 depict the performance indicators (Energy Absorption, Specific Energy 
Absorption, Initial Peak Force and Mean Force) behavior under different loading angles. 
From here, it is evident that the highest initial peak force occurs under axial loading (Impact 
101 
Angle =0°), and then it drops significantly at an impact angle of 10° and continues to 
decrease as the impact angle reaches 40° as shown in Figure 5-7.  This observed substantial 
decline in IPF with the increase of the impact angle was reported by other studies on thin-
walled structures under oblique impact [11, 20]. 
Furthermore, the mean force (MF) follows the same pattern under the tested impact 
angles, however uniformly throughout the impacting angles range, as MF continues to 
decrease with the increase of the impact angle as shown in Figure 5-8. A similar 
observation was also reported by other studies on similar loading conditions [11, 20, 78]. 
This reduction in MF can be attributed to the decrease in initial peak force mentioned 
earlier. Another possible reason for this drop is that higher impact angles shift the lobes 
that form under progressive crushing away from the structure’s central axis, leading to a 
low overall deformation of the structure under large impact angles. 
Figure 5-7: Effect of Load Angle on the Initial Peak Force IPF 
  










In the same manner, the energy absorption (EA) and specific energy absorption 
(SEA) reduce as the loading angle increases as shown in Figure 5-9 and Figure 5-10. The 
reduction in EA and SEA was found to be approximately 54% as the impact angle increases 
from 0° (axial crushing) to 40°. This decrease is mainly due to the reduction in MF that is 
associated with the increasing the loading angle. 
  





















5.4.2 Influence of Geometric Parameters 
It is vital to understand the influence of CTTs’ geometric parameters on their 
performance as energy absorbing structures. Therefore, to solely investigate the effect of 
each geometric parameter on the performance of CTTs, the average effect of corrugation’s 
amplitude, corrugation’s wavelength, wall thickness, and tapered angle on performance 
indicators under different loading angles is discussed in the following sections. 
5.4.2.1 Influence on Initial Peak Force 
Figure 5-11 shows the average effect of corrugation’s amplitude on the initial peak 
force (IPF). From here, it is observed that an amplitude of 1 mm will result in higher IPF 
value, up to a load angle of 15°. However, at higher impacting angles, an amplitude of 2 






Figure 5-11: The Average Effect of Amplitude on IPF Under Different Loading Angles 
 
  




As for the corrugation’s wavelength, a wavelength of 10 mm was found to result in 
higher initial peak force values compared to a wavelength of 20 mm (See Figure 5-12). 
Furthermore, the wall thickness has a significant effect on IPF as shown in Figure 5-13. 
From the figure, it is observed that a thickness value of 2 mm will result in higher IPF along 
the range of the tested impact angles. This can be attributed to the structure’s stiffness 
increase caused by the thick walls, which lead to an increase in the initial load required to 
deforming the structure. Finally, the tube’s tapered angle was not found to have a 







Figure 5-12: The Average Effect of Wavelength on IPF Under Different Loading Angles 
  





















5.4.2.2 Influence on Mean Force 
The mean force is the crushing force maintained by the structure along its total 
length throughout the entire crushing process. The mean force value gives an indication of 
the energy absorption as high mean crushing force implies higher energy absorption. Figure 
5-15 illustrates the average effect of corrugation’s amplitude on MF under the tested range 
of impact angles. It is evident from the figure that an amplitude of 1 mm leads to a higher 
MF values relative to an amplitude of 2 mm. The same behavior is observed for a 
wavelength of 10 mm as shown in Figure 5-16. This can be explained by the fact that longer 
corrugation’s amplitudes and wavelengths reduce the force needed to deform the structure 






Figure 5-15: The Average Effect of Amplitude on MF Under Different Loading Angles 
 
  










Furthermore, increasing the thickness from 1 mm to 2 mm will lead to increasing 
MF for all the tested impact angles (See Figure 5- 17). This is attributed to the structure’s 
stiffness increase that is associated with the increased wall thickness, which increases the 
amount of force needed to start deformation. Finally, a tapered angle of 80° will result in 
higher MF values along the tested range of impact angles as shown in Figure 5-18. This is 
due to the increase in the lower structure’s diameter when the tapered angle is 80°, 
promoting axial crushing under large angles and hence increasing MF. Similar results were 
reported for circular tapered tubes tested under oblique loading conditions [95]. 
 
  






















5.4.2.3 Influence on Energy Absorption  
Figure 5-19 depicts the effect of corrugation’s amplitude on the energy absorption 
along the tested impact angles. Similar to the effect of corrugation’s amplitude on MF, an 
amplitude of 1 mm will have higher EA as opposed to 2 mm for all of the tested impact 
angles. Similarly, a wavelength of 10 mm will result in higher energy absorption compared 
to 20 mm as shown in Figure 5-20. This is logical, because lowering the amplitude and 






Figure 5-19: The Average Effect of Amplitude on EA Under Different Loading Angles 
 
  










Moreover, increasing the thickness from 1 mm to 2 mm will result in higher EA 
under the tested range of impact angles as illustrated in Figure 5-21. This can be attributed 
to the structure’s volume increase corresponding to the thickness increase, resulting in 
more material that can absorb the crushing energy. Finally, adopting a tapered angle of 80° 
will result in higher energy absorption under all loading angles when compared to a tapered 
angle of 85° as depicted in Figure 5-22. This is because of the larger lower diameter of the 
structure that corresponds to the tapered angle of 80°, which promotes axial crushing and 
hence increase the absorbed energy.  
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Figure 5-21: The Average Effect of Thickness on EA Under Different Loading Angles 
Figure 5-22: The Average Effect of Tapered Angle on EA Under Different Loading 
Angles 
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5.4.2.4 Influence on Specific Energy Absorption 
The specific energy absorption relates the energy absorbed by the structure to its 
deformed mass. This indicator is vital for applications where lower mass is desired (i.e., 
automobile vehicles). As shown in Figure 5-23, an amplitude of 1 mm achieves higher 
SEA than an amplitude of 2 mm under the tested range of impact angles. This can be 
explained by two reasons: an amplitude of 1 mm results in higher MF and EA, and naturally 
higher SEA. The second reason is that a structure of 1 mm amplitude will have lower mass 
compared to its counterpart of 2 mm amplitude, and hence higher SEA. On the other hand, 
a wavelength of 10 mm will lead to a higher SEA up to an impact angle of 10° as shown 
in Figure 5-24. However, beyond the impact angle of 10°, no significant difference in SEA 
is observed between a wavelength of 10 and 20 mm. 
Moreover, increasing the wall thickness to 2 mm results in a reduction in SEA (see 
Figure 5-25). This is mainly attributed to the structure’s mass increase associated with the 
wall thickness increase. Finally, a CTT with an 85° tapered angle achieves higher SEA 
values than its counterpart CTT of 80° tapered angle, up to a 20° impact angle as shown in 
Figure 5-26. However, the opposite is true for impact angles larger than 20°. 
  











Figure 5-24: The Average Effect of Wavelength on SEA Under Different Loading Angles 
 
  























5.5 Comparative Analysis  
To visually compare the specific energy absorption (SEA) and mean force (MF) 
characteristics of all the tested CTTs to conventional tapered tubes, the values of SEA and 
MF under all loading angles are presented in Figure 5-27 to Figure 5-34. From Figure 5-
27, it is clear that a conventional tapered tube of 80° tapered angle and 1 mm thickness 
have better SEA performance than CTTs of the same tapered angle and thickness under 
axial loading conditions (impact angle = 0°). However, a CTT of 1 mm amplitude and 20 
mm wavelength have better SEA performance under oblique loading conditions. This can 
be explained by the lightweight this CTT has compared to its conventional counterpart. As 
for the MF values, the conventional tapered tube (tapered angle= 80°, Thickness= 1 mm) 
has higher MF values compared to the CTTs of the same geometric parameters as shown 
in Figure 5-28. 
As for the conventional tapered tube of 2 mm thickness, the SEA and MF 
performances are better than CTTs of the same geometric parameters under all impact 
angles as shown in Figure 5-29 and Figure 5-30, respectively. It is worth mentioning that 
the best CTT profile of the same geometric parameters (Tapered Angle= 80°, Thickness= 









Figure 5-27: SEA Values for a Conventional Tapered Tube and CTT (Tapered Angle = 






Figure 5-28: MF Values for a Conventional Tapered Tube and CTT (Tapered Angle = 






















CTT (A=1 mm, W=10 mm)
CTT (A=1 mm, W=20 mm)
CTT (A=2 mm, W=10 mm)



















CTT (A=1 mm, W=10 mm)
CTT (A=1 mm, W=20 mm)
CTT (A=2 mm, W=10 mm)
CTT (A=2 mm, W=20 mm)
  





Figure 5-29: SEA Values for a Conventional Tapered Tube and CTT (Tapered Angle = 






Figure 5-30: MF Values for a Conventional Tapered Tube and CTT (Tapered Angle = 
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Figure 5-31 depicts the SEA values for a conventional tapered tube and CTTs of 
85° tapered angle and 1 mm thickness. From here, it can be seen that a CTT of 1 mm 
amplitude and 10 mm wavelength has better SEA performance than its conventional 
counterpart under all impact angles. This can be mainly attributed to the light weight of 
this CTT relative to the conventional tapered tube. On the contrary, the conventional 
tapered tube has higher MF values than its counterparts of CTTs under all the tested impact 
angles (Figure 5-32). 
Figure 5-33 depicts the SEA values of a conventional tapered tube and CTTs of 85° 
tapered angle and 2 mm thickness. From the figure, it is clear that a CTT of 1 mm amplitude 
and 10 mm wavelength has slightly higher SEA value that the conventional tapered tube 
under axial loading condition (impact angle = 0°). However, the conventional tapered tube 
has better SEA performance for the rest of the impact angles. Similarly, the conventional 
tapered tube has higher MF values than its counterparts of CTTs under all the tested impact 
angles as depicted in Figure 5-34. 
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Figure 5-31: SEA Values for a Conventional Tapered Tube and CTT (Tapered Angle = 
85°, Thickness = 1 mm) 
Figure 5-32: MF Values for a Conventional Tapered Tube and CTT (Tapered Angle = 
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Figure 5-33: SEA Values for a Conventional Tapered Tube and CTT (Tapered Angle = 






Figure 5-34: MF Values for a Conventional Tapered Tube and CTT (Tapered Angle = 
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5.6 Summary 
This chapter has investigated the performance of corrugated tapered tubes of 
different wavelengths and amplitudes under oblique loading conditions. In general, it was 
found that oblique loading angle inhibits and reduces the amount of energy absorbed by 
corrugated tapered tubes, as is the case for conventional tapered tubes. In addition, the 
geometric factors were found to influence the performance of corrugated tapered tubes 
under oblique loading similar to their effect on performance under axial impact. 
Furthermore, the transition to global Euler buckling was found to develop at higher impact 
angles for corrugated tapered tubes of 80°. Finally, it was found that corrugated tapered 
tubes can achieve better specific energy absorption performance that conventional tapered 
tubes. 
Published work from this chapter: 
S. E. Alkhatib, F. Tarlochan, Ahmad Hashem, Sadok Sassi, "Collapse behavior of thin-
walled corrugated tapered tubes under oblique impact," Thin-Walled Structures, vol. 122, 
pp. 510-528, 2018. (Impact Factor: 2.829) 
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CHAPTER 6: CONCLUSIONS 
Thin-walled energy absorbers have been widely used in safety applications, such 
as occupants carrying vehicles, due to their lightweight, energy absorption capabilities, and 
low manufacturing cost. The tremendous work on thin-walled structures in the open 
literature revealed that structures of corrugated surfaces reduce the crushing forces and 
offer a controllable manner of energy absorption, while tapered tubes are efficient energy 
absorbers under axial and oblique impact conditions. This thesis studied a tubular structure 
that combines the corrugated surface pattern and the tapered layout for its potential as an 
effective energy absorbing device under axial and oblique impacts. The study has been 
conducted numerically using a developed and experimentally validated finite element 
model using ABAQUS software. The influence of geometric parameters and loading 
angles on the proposed structure has been investigated, and the following conclusions are 
made: 
• The force-displacement characteristics of CTTs are mainly influenced by the
amplitude of the tube’s corrugation, and a corrugation’s amplitude of 2 mm will 
result in a smooth force-displacement curve and lower crushing forces along the 
crushing length regardless of the other geometrical parameters’ values. 
• There are three deformation modes exhibited for the tested CTT profiles, and they
are mainly influenced by the corrugation’s amplitude and wavelength. 
• Adopting the corrugation reduces the initial peak force (IPF), specifically for longer
amplitudes and wavelengths. Also, it reduces the energy absorption (EA) and 
specific energy absorption (SEA). 
  




• Adopting the corrugation reduces the initial peak force (IPF) relative to a 
conventional tapered tube, and a maximum reduction of 93.38% is obtained. On the 
other hand, the energy absorption (EA) and specific energy absorption (SEA) of 
CTTs are lower compared to a conventional tapered tube in general. 
• All the calculated performance indicators are significantly influenced by the 
corrugation’s amplitude and wall thickness. The other geometrical parameters have 
minor influence or no effect the performance indicators.  
• CTTs experience lower dynamic crushing forces (IPF and MF) and fewer 
fluctuations in forces than conventional tapered tubes under all the tested impact 
angles.  
• Transition to global Euler buckling occurs at larger impact angles (25°-40°) when 
the tapered angle is 80°, and at lower impact angles (15°-20°) when the tapered 
angle is 85°.  
• For CTTs of (A=2 mm, W= 10), global Euler buckling is not influenced by the 
tapered angle and develops at lower impact angles (15°-20°). 
• The initial peak force (IPF), mean force (MF), energy absorption (EA), and specific 
energy absorption (SEA) reduce with the increase of the impact angle.  
• A reduction of approximately 54% in EA and SEA is observed when the impact 
angle increases from 0° (axial impact) to 40°. 
• CTTs with shorter amplitudes and wavelengths have higher EA and SEA under all 
the tested impact angles.  
  




• CTTs of higher thickness and smaller tapered angles offer higher EA compared to 
CTTs of lower thickness and larger tapered angles.  
• Adopting corrugation can enhance the specific energy absorption under oblique 
loading conditions, as a CTT (Tapered Angle = 80°, Thickness = 1 mm) of 1 mm 
amplitude and 20 mm wavelength have higher SEA compared to a conventional 





























CHAPTER 7: RECOMMENDATIONS FOR FUTURE WORK 
To support the conclusions drawn from this study, and to expand the knowledge 
area on the collapse behavior and energy absorption of corrugated tapered tubes, the 
following recommendations are proposed: 
• Due to the time and cost constraints, the number of investigated geometric 
parameters and their levels was limited. Hence, studying more geometric 
parameters and geometric levels would give a broader picture of the performance 
of corrugated tapered tubes under axial and oblique impacts.  
• Integrating the corrugated tapered tube in an energy absorbing system and testing 
it experimentally and numerically under axial and oblique loadings would reflect 
the realistic image of real-life crash situations. Moreover, it will provide more 
accurate insights on the performance of corrugated tapered tube as a part of an 
energy absorbing system rather than individually.  
• Employing materials other than aluminum to the generated design profiles to 
investigate the effect of the material on the performance.  
•  Conducting a multi-objective optimization would leap a great benefit, as the 
optimization will provide the geometric parameters that will result in the optimum 
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EA (kJ) SEA 
(kJ/kg) 
1 50 85° 150 11.36 1.22 20.89 
2 40 80° 200 38.35 5.94 28.21 
1 40 80° 200 11.63 2.26 19.41 
2 50 80° 150 42.79 5.40 28.89 
2 50 80° 200 41.67 7.60 26.84 
2 50 85° 200 46.57 6.70 34.47 
1 40 85° 150 9.65 1.31 24.61 
2 40 85° 150 42.18 4.99 43.00 
1 50 80° 200 12.80 2.51 18.14 
2 50 85° 150 47.35 5.83 39.39 
1 50 85° 200 11.74 2.34 23.91 
2 40 80° 150 39.17 5.76 35.81 
1 40 85° 200 9.58 2.00 24.86 
2 40 85° 200 39.74 5.26 36.95 
1 50 80° 150 11.36 1.97 21.19 




































EA (kJ) SEA 
(kJ/kg) 
1 50 85° 200 11.15 1.04 14.33 
2 50 85° 150 35.50 3.77 32.20 
1 40 80° 200 11.40 2.37 20.50 
2 40 85° 150 33.09 3.09 33.88 
1 40 85° 200 9.85 1.07 15.57 
2 40 80° 200 27.09 5.24 26.34 
2 40 80° 150 29.46 4.23 31.30 
2 40 85° 200 32.35 3.39 27.67 
1 50 80° 200 12.00 1.98 15.96 
1 40 85° 150 9.31 0.86 19.35 
1 50 85° 150 10.34 1.06 16.28 
2 50 80° 150 34.08 4.15 28.78 
2 50 80° 200 32.46 5.91 24.45 
1 40 80° 150 11.20 0.76 13.88 
2 50 85° 200 36.42 4.34 26.28 


















EA (kJ) SEA 
(kJ/kg) 
2 50 80° 150 24.44 3.78 16.90 
2 40 85° 200 15.71 3.74 18.85 
1 40 85° 200 4.40 0.74 7.50 
1 50 80° 150 5.18 0.69 6.58 
1 40 80° 200 4.40 0.93 6.68 
1 50 85° 200 5.00 0.79 6.97 
1 50 85° 150 4.88 0.60 7.22 
2 50 80° 200 20.91 5.43 17.62 
2 50 85° 150 24.96 3.06 18.93 
2 40 80° 200 17.53 5.02 18.15 
2 50 85° 200 19.63 4.36 18.80 
1 40 85° 150 4.19 0.50 7.37 
1 40 80° 150 3.87 0.63 6.84 
2 40 85° 150 16.78 2.53 19.11 
1 50 80° 200 4.86 1.03 4.93 
2 40 80° 150 17.03 3.19 17.89 
  

















EA (kJ) SEA 
(kJ/kg) 
1 50 80° 150 6.22 0.80 8.84 
2 40 80° 150 18.48 3.23 21.15 
1 40 85° 200 5.46 0.80 9.90 
2 50 80° 150 20.65 3.45 19.19 
2 50 80° 200 20.68 4.84 17.39 
1 40 85° 150 5.46 0.70 12.06 
2 50 85° 150 19.43 2.49 18.46 
1 50 85° 150 6.09 0.58 8.64 
2 40 80° 200 19.08 3.97 17.28 
1 50 85° 200 5.95 0.79 8.55 
1 50 80° 200 6.49 1.26 8.59 
2 50 85° 200 19.79 2.92 17.11 
1 40 80° 150 5.76 1.02 11.92 
2 40 85° 200 17.32 3.07 19.13 
1 40 80° 200 5.96 0.99 8.55 



























Table 5: Summary of performance indicators (Amplitude=1 mm and Wavelength=10 
mm) 
Thickness (mm) Tapered Angle  Impact Angle IPF (kN) MF (kN) EA (kJ) SEA (kJ) 
1 80° 0° 8.18 5.06 0.84 7.17 
2 80° 0° 31.51 15.62 3.45 24.20 
2 85° 0° 29.50 16.91 3.47 29.59 
1 85° 0° 8.22 4.08 0.82 13.94 
1 80° 10° 3.33 4.80 0.84 7.14 
2 80° 10° 9.66 12.95 2.87 20.10 
2 85° 10° 10.54 12.76 2.82 24.07 
1 85° 10° 3.44 3.39 0.72 12.35 
1 80° 15° 2.96 4.67 0.81 6.94 
2 80° 15° 7.08 12.29 2.65 18.58 
2 85° 15° 8.62 10.95 2.35 20.00 
1 85° 15° 2.92 2.77 0.59 10.00 
1 80° 20° 2.37 3.89 0.68 5.82 
2 80° 20° 5.24 10.99 2.41 16.86 
2 85° 20° 6.24 9.27 2.02 17.19 
1 85° 20° 2.54 2.23 0.48 8.15 
1 80° 25° 1.80 3.37 0.59 4.99 
2 80° 25° 3.92 10.02 2.21 15.52 
2 85° 25° 4.46 7.28 1.59 13.52 
1 85° 25° 2.04 2.05 0.44 7.56 
1 80° 30° 1.37 2.96 0.52 4.42 
2 80° 30° 3.07 8.70 1.94 13.58 
2 85° 30° 3.66 6.43 1.41 12.05 
1 85° 30° 1.64 1.74 0.38 6.45 
1 80° 40° 0.94 2.42 0.43 3.67 
2 80° 40° 2.09 7.42 1.66 11.64 
2 85° 40° 2.22 5.39 1.20 10.24 





















Table 6: Summary of performance indicators (Amplitude=1 mm and Wavelength=20 
mm) 
Thickness (mm) Tapered Angle  Impact Angle IPF (kN) MF (kN) EA (kJ) SEA (kJ) 
1 85° 0° 5.13 1.96 0.41 6.97 
2 85° 0° 17.43 8.58 1.66 14.17 
1 80° 0° 5.74 2.11 0.44 6.14 
2 80° 0° 18.01 9.47 1.84 12.82 
1 85° 10° 2.67 1.91 0.41 6.91 
2 85° 10° 7.27 7.73 1.62 13.77 
1 80° 10° 2.69 2.04 0.43 5.97 
2 80° 10° 7.16 8.42 1.79 12.46 
1 85° 15° 2.32 1.89 0.40 6.87 
2 85° 15° 5.87 7.02 1.53 13.02 
1 80° 15° 2.30 1.96 0.42 5.81 
2 80° 15° 5.52 7.88 1.72 11.98 
1 85° 20° 2.04 1.60 0.34 5.87 
2 85° 20° 5.05 5.62 1.23 10.46 
1 80° 20° 2.26 1.89 0.41 5.66 
2 80° 20° 4.29 7.12 1.56 10.88 
1 85° 25° 2.27 1.40 0.30 5.13 
2 85° 25° 4.06 4.98 1.09 9.25 
1 80° 25° 2.10 1.92 0.41 5.74 
2 80° 25° 3.50 6.74 1.47 10.29 
1 85° 30° 1.81 1.25 0.27 4.63 
2 85° 30° 3.23 4.23 0.91 7.79 
1 80° 30° 2.00 1.67 0.36 5.03 
2 80° 30° 2.93 6.29 1.37 9.54 
1 85° 40° 1.39 0.87 0.19 3.24 
2 85° 40° 2.46 3.11 0.69 5.85 
1 80° 40° 1.74 1.28 0.28 3.88 














Table 7: Summary of performance indicators (Amplitude=2 mm and Wavelength=10 
mm) 
Thickness (mm) Tapered Angle  Impact Angle IPF (kN) MF (kN) EA (kJ) SEA (kJ) 
2 85° 0° 18.70 10.66 2.31 16.36 
1 80° 0° 4.22 2.61 0.50 5.76 
1 85° 0° 4.66 2.11 0.44 6.24 
2 80° 0° 20.46 11.68 2.56 13.97 
2 85° 10° 8.69 10.20 2.23 15.80 
1 80° 10° 2.94 2.22 0.47 5.45 
1 85° 10° 2.70 2.01 0.42 5.99 
2 80° 10° 9.37 11.29 2.47 13.46 
2 85° 15° 8.08 8.48 1.85 13.08 
1 80° 15° 2.76 2.18 0.46 5.38 
1 85° 15° 2.49 1.86 0.40 5.62 
2 80° 15° 8.22 10.15 2.24 12.19 
2 85° 20° 7.60 6.71 1.46 10.30 
1 80° 20° 2.57 2.01 0.43 5.01 
1 85° 20° 2.36 1.63 0.35 4.92 
2 80° 20° 8.16 8.98 1.99 10.84 
2 85° 25° 7.24 5.68 1.24 8.78 
1 80° 25° 2.48 1.86 0.40 4.64 
1 85° 25° 2.28 1.38 0.29 4.13 
2 80° 25° 7.76 7.82 1.74 9.49 
2 85° 30° 7.05 4.87 1.07 7.57 
1 80° 30° 2.36 1.69 0.37 4.26 
1 85° 30° 2.21 1.16 0.25 3.56 
2 80° 30° 7.17 6.91 1.54 8.38 
2 85° 40° 5.62 3.62 0.80 5.69 
1 80° 40° 1.88 1.39 0.30 3.54 
1 85° 40° 1.99 0.87 0.19 2.67 
2 80° 40° 5.55 5.43 1.21 6.60 
  




Table 8: Summary of performance indicators (Amplitude=2 mm and Wavelength=20 
mm) 
Thickness (mm) Tapered Angle  Impact Angle IPF (kN) MF (kN) EA (kJ) SEA (kJ) 
1 85° 0° 5.13 1.96 0.41 6.97 
2 85° 0° 17.43 8.58 1.66 14.17 
1 80° 0° 5.74 2.11 0.44 6.14 
2 80° 0° 18.01 9.47 1.84 12.82 
1 85° 10° 2.67 1.91 0.41 6.91 
2 85° 10° 7.27 7.73 1.62 13.77 
1 80° 10° 2.69 2.04 0.43 5.97 
2 80° 10° 7.16 8.42 1.79 12.46 
1 85° 15° 2.32 1.89 0.40 6.87 
2 85° 15° 5.87 7.02 1.53 13.02 
1 80° 15° 2.30 1.96 0.42 5.81 
2 80° 15° 5.52 7.88 1.72 11.98 
1 85° 20° 2.04 1.60 0.34 5.87 
2 85° 20° 5.05 5.62 1.23 10.46 
1 80° 20° 2.26 1.89 0.41 5.66 
2 80° 20° 4.29 7.12 1.56 10.88 
1 85° 25° 2.27 1.40 0.30 5.13 
2 85° 25° 4.06 4.98 1.09 9.25 
1 80° 25° 2.10 1.92 0.41 5.74 
2 80° 25° 3.50 6.74 1.47 10.29 
1 85° 30° 1.81 1.25 0.27 4.63 
2 85° 30° 3.23 4.23 0.91 7.79 
1 80° 30° 2.00 1.67 0.36 5.03 
2 80 30° 2.93 6.29 1.37 9.54 
1 85 40° 1.39 0.87 0.19 3.24 
2 85 40° 2.46 3.11 0.69 5.85 
1 80 40° 1.74 1.28 0.28 3.88 
2 80 40° 4.65 4.50 1.00 6.99 
 
